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Lower body negative pressure (LBNP), which unloads cardiopulmonary and 
arterial baroreceptors, is a widely used method for studying various cardiovascular 
responses to hemorrhaging and orthostatic stress.  The purposes of this investigation were 
to validate the use of LBNP as a research technique for studying the human 
cardiovascular responses to hemorrhaging and to use LBNP in combination with a 
dynamic handgrip exercise protocol to determine if gender differences exist in functional 
sympatholysis.  Twenty healthy college-aged male (N = 10) and female (N = 10) 
participants visited the exercise science laboratory on one occasion.  For the first part, 
participant’s whole left arm, whole left leg, and a portion of their left leg  volume-
matched to their whole arm was subject to two stages of negative pressure (-30 mmHg 
and -60 mmHg) lasting 5 minutes each.  For the second part, participants performed 3 
minute stages of dynamic handgrip exercise at 15%, 30%, and 45% of their max 
voluntary contraction, with one minute rest intervals taken between each stage, then 
repeated this protocol again while subject to -30 mmHg LBNP.  Responses in heart rate, 
stroke volume, mean arterial pressure, brachial blood flow, brachial diameter, and 
forearm muscle oxygenation were continuously recorded.  There were minimal 
differences observed in the cardiovascular responses to negative pressure when applied to 
  
the upper body versus when applied to the lower body, and there were no significant 
gender differences in response to LBNP at rest or during exercise.  
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CHAPTER 1 
INTRODUCTION 
Blood pressure regulation is an important process achieved through several key 
networks.  The collaboration of these networks is necessary in order to redistribute blood 
flow and maintain appropriate blood pressure at rest and during exercise.  Dysfunction of 
any of these networks can result in negative health consequences, thus full understanding 
of the physiology behind each response is of paramount importance.  The use of lower 
body negative pressure (LBNP) has been employed to help better understand blood 
pressure regulation in a variety of healthy and diseased populations.  This investigation 
expanded upon previous literature by 1) exploring the validation of LBNP as a model to 
study human hemorrhaging, and 2) utilizing LBNP to determine if gender influences the 
blood flow response to active skeletal muscle in the face of global vasoconstriction. 
The first aim of this investigation was to compare the cardiovascular responses to 
negative pressure when applied to the upper and lower body.  Lower body negative 
pressure is a useful tool for investigating physiological mechanisms associated with 
blood pressure regulation.  While lying supine, LBNP stimulation applied distal to the 
iliac crest pulls blood to the legs resulting in a drop in blood pressure.  In healthy 
individuals a compensatory baroreflex-mediated increase in sympathetic nervous system 
activity, global vasoconstriction, and heart rate follows in order to recover blood 
pressure.  The central and peripheral responses to LBNP are dependent upon the 
magnitude of pressure and duration of exposure (Goswami, Loeppky, & Hinghofer-
Szalkay, 2008).  As LBNP is a relatively simple, inexpensive, and efficient method of 
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reliably reproducing baroreflex responses it is often employed as a research tool for 
studying the responses to hemorrhaging and orthostatic stress.  However, research 
utilizing LBNP is limited to the lower body, thus it is unknown as to whether responses 
to negative pressure vary based on the part of the body exposed to the stimulus.  Due to 
proximity relative to baroreceptors and a recent investigation suggesting sympathetic-
induced 'global' vasoconstriction may in fact differ between the calf and forearm 
(Hachiya, Hashimoto, Saito, & Blaber, 2012) negative pressure may elicit a different 
physiological response when applied to the upper body than when applied to the lower 
body.  Results gleaned from this investigation will offer additional information on blood 
pressure regulation and the validity of LBNP as a model for hemorrhage. 
 The second aim of this investigation was to better understand how gender 
influences the central and peripheral cardiovascular responses to sympathetic stimulation 
(i.e., LBNP), and to determine if these differences influence active muscle blood flow 
through functional sympatholysis (Remensnyder, Mitchell, & Sarnoff, 1962).  
Inconsistent results have been reported on the influence of gender on the cardiovascular 
responses to increased sympathetic stress.  Specifically some reports have indicated that 
the cardiovascular responses to LBNP are uninfluenced by gender (Kelly, Scroop, 
Tonkin, & Thornton, 2004; Rahman, Goodhead, Medcalf, O'Connor, & Bennett, 1991), 
while others have reported gender differences, such as females experiencing a reduced 
vasoconstrictor response (Hachiya et al., 2012; Hogarth, Mackintosh, & Mary, 2007), 
reduced cardiovagal baroreflex gain (Beske, Alvarez, Ballard, & Davy, 2001), greater 
increases in heart rate (Fu et al., 2004; Montgomery et al., 1977; Shoemaker, Hogeman, 
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Khan, Kimmerly, & Sinoway, 2001) and greater reductions in cardiac output and stroke 
volume (Convertino, 1998) compared to males.  Gender differences in these responses 
would likely influence functional sympatholysis effectiveness in active muscle and alter 
the risk of syncope during orthostatic stress.  Thus gender specific vascular responses 
require further attention. 
 Although the focuses of the two aims of this investigation are distinct, they will 
be investigated simultaneously through the recruitment of 10 males and 10 females that 
will undergo a series of protocols.  Specifically, part 1 will involve the application of 
negative pressure to the upper and lower body in order to better understand how the 
physiological response to negative pressure is influenced by the location of the stimulus.  
Part 2 will involve participants performing dynamic handgrip exercise with and without 
LBNP application to better understand differences in functional sympatholysis between 
males and females. 
 
4 
CHAPTER II 
REVIEW OF LITERATURE 
Blood Pressure Regulation at Rest and During Exercise 
Blood pressure is a product of cardiac output and vascular conductance, both of 
which are influenced by the central nervous system (Buckwalter & Clifford, 2001; 
Raven, Fadel, & Smith, 2002).  Resting blood pressure is regulated by arterial 
baroreceptors located in the carotid sinus and aortic arch that respond to mechanical 
deformations (stretch) of the blood vessel (Raven et al., 2002).  The hemodynamic 
adjustments to exercise are mediated by central signals from the higher brain (central 
command) and by a peripheral reflex arising from the working skeletal muscle (exercise 
pressor reflex), with further modulation provided by the ‘resetting’ of the arterial 
baroreflex (Gallagher et al., 2006; Raven, 2012; Secher & Amann, 2012; Williamson, 
2010; Williamson, Fadel, & Mitchell, 2006).  The overall goal of these networks is to 
meet the metabolic demand of the active muscle and to maintain appropriate blood 
pressure at rest and during exercise (Korthuis, 2011). 
There are two types of baroreceptors, arterial (high pressure sensing) and 
cardiopulmonary (low pressure sensing) (Raven, Potts, & Shi, 1997).  The arterial 
baroreceptors respond to mechanical deformation of the blood vessel as a result of 
alterations in blood pressure (Raven et al., 2002).  Arterial baroreflex loading and 
unloading lead to a reflex bradycardia and vasodilatory response and a reflex tachycardia 
and vasoconstrictor response, respectively (Raven et al., 2002).  Specifically, when a 
decrease in mean arterial pressure is detected the carotid and aortic baroreceptors respond 
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by sending an inhibitory signal via the glossopharyngeal and vagus nerve, respectively, to 
the solitary nucleus.  The solitary nucleus responds by sending inhibitory signals to the 
nucleus ambiguous and caudal ventrolateral medulla which inhibit the parasympathetic 
nervous system and excite the sympathetic nervous system, respectively.  
Parasympathetic activity is reduced as a function of inhibition of the vagus nerve and 
decreased acetylcholine release while excitation of the sympathetic nervous system is a 
result of stimulatory signals sent from the caudal ventrolateral medulla to the rostral 
ventrolateral medulla acting to increase norepinephrine and epinephrine release.  This 
ultimately results in an increase in heart rate and mean arterial pressure.  When blood 
pressure is elevated excitatory signals are transmitted from the arterial baroreceptors to 
the solitary nucleus and nucleus ambiguous, increasing parasympathetic nervous system 
activity.  Inhibitory signals are sent from the caudal ventrolateral medulla to the rostral 
ventrolateral medulla resulting in a reduced heart rate and mean arterial pressure.  The 
degree of mechanical deformation placed upon these receptors determines the 
sympathetic or parasympathetic response required from the cardiovascular control center 
in order to return blood pressure to the established central nervous system operating point 
(Raven et al., 2002).  
Cardiopulmonary baroreceptors are located in low pressure regions of the body 
such as pulmonary vessels, large systemic veins, and in the walls of the right atrium and 
ventricles of the heart (Stanfield & Germann, 2011).  Cardiopulmonary receptors are 
involved with the regulation of blood volume through both circulatory and renal effects, 
and similar to arterial baroreceptors cardiopulmonary baroreceptors respond to 
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mechanical stretch (Stanfield & Germann, 2011).  During exercise the baroreflex 
response is ‘reset’ partly due to activation of central command (Melcher & Donald, 1981; 
Raven et al., 2002; Raven et al., 1997).  Specifically the arterial baroreflex stimulus 
response curve maximum to minimum responding range is relocated vertically upward 
(to a higher heart rate) while the change in operating range is relocated horizontally 
rightward (to a higher pressure).  This allows the baroreflex to respond to fluctuations in 
blood pressure during exercise conditions equally as effective as during resting 
conditions (Raven et al., 2002).  
The central command theory states that neural signals originating in the brain 
increase heart rate and blood pressure during exercise (Raven, 2012).  Central command 
has been classically defined as a feed-forward mechanism involving parallel activation of 
motor and cardiovascular centers that occurs at the onset and often in anticipation of 
exercise (Goodwin, McCloskey, & Mitchell, 1972; Raven, 2012; Williamson, 2010).  
Central command was originally termed ‘cortical irradiation’ as it involves descending 
neural signals from higher cortical regions of the brain that influence the cardiovascular 
response to exercise (Krogh & Lindhard, 1913; Raven, 2012; Williamson, 2010).  
Evidence suggests that central command is initiated by descending signals from cortical 
structures generated within the diencephalon and mesencephalon (Matsukawa, 2012).  
The major site of neural integration for providing effective cardiovascular responses to 
exercise is believed to be the periaqueductal grey (Basnayake, Green, & Paterson, 2012).  
Because of the lack of direct measures of neural activity from these cortical regions until 
recently the magnitude of central command was frequently assessed using an individual’s 
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perception of effort during exercise, independent of workload or force production 
(Mitchell, 1990).  Unfortunately, perception of effort has also been associated with 
environment, experience, somatosensory signals, neurocognitive mechanisms, general 
pain, discomfort, and thermal stress, making the relationship between central command 
and rating of perceived exertion difficult to define (Amann et al., 2008; Cabanac, 2006; 
Faulkner, Parfitt, & Eston, 2008; Raven, 2012).  Thus, the influence of perception of 
effort on autonomic regulation  of cardiovascular function during exercise remains 
controversial (Williamson, 2010).  
The exercise pressor reflex is a peripheral neural drive originating in skeletal 
muscle functioning to activate cardiovascular control areas during exercise (Kaufman & 
Hayes, 2002).  It was first discovered by Alam and Smirk (Alam & Smirk, 1937) after 
observing that the pressor response to exercise (i.e., increased heart rate and increased 
mean arterial pressure) remains following the cessation of the exercise if venous and 
arterial blood is trapped in the skeletal muscle (Alam & Smirk, 1937; Coote, Hilton, & 
Perez-Gonzalez, 1971; Kaufman & Hayes, 2002).  The exercise pressor reflex originates 
in the contracting skeletal muscle from group III or IV afferents as a result of mechanical 
and metabolic stimuli, respectively (Alam & Smirk, 1937; Coote et al., 1971; Kaufman & 
Hayes, 2002).  The specific responses invoked from the afferent nerves of the exercise 
pressor reflex are still being explored (Kaufman, 2012). 
Blood Flow Regulation 
Proper redistribution of blood flow is of paramount importance during exercise.  
Blood flow is directly proportional to blood pressure and vessel radius and inversely 
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related to blood viscosity and vessel length.  Vessel radius is by far the most influential 
variable affecting blood flow rate, therefore the seemingly most effective hemodynamic 
response to exercise would be global vasodilation.  However, a global vasodilatory 
response would inappropriately decrease mean arterial pressure and risk syncope.  Thus, 
exercise activity introduces a physiological paradox between sympathetic 
vasoconstriction and local intrinsic vasodilation (Buckwalter & Clifford, 2001). 
As previously described the cardiovascular and hemodynamic responses to 
exercise are derived through a combination of central command, the exercise pressor 
reflex, and the arterial baroreflex.  During exercise these three systems ultimately 
contribute to global sympathetic vasoconstriction that maintains vascular tone and shunts 
blood away from non-active tissue.  In order for any active skeletal muscle to achieve an 
adequate oxygen supply local functional sympatholysis must also occur (Buckwalter & 
Clifford, 2001).  Functional sympatholysis is the process of local vasodilatory intrinsic 
factors overriding sympathetic vasoconstriction in active skeletal muscle allowing for 
vasodilation and increased nutrient distribution to the active skeletal muscle (Buckwalter 
& Clifford, 2001).  The local factors that are believed to play a role in functional 
sympatholysis are adrenergic G protein-coupled receptor attenuation (Buckwalter & 
Clifford, 2001), P2x adinoreceptor attenuation (Buckwalter, Hamann, & Clifford, 2003; 
Buckwalter, Taylor, Hamann, & Clifford, 2004), local metabolite production and 
endothelial nitric oxide release as a result of shear stress (Buckwalter & Clifford, 2001; 
Buckwalter, Naik, Valic, & Clifford, 2001).  Alpha-2 adrenergic receptors located on the 
arterioles of active skeletal muscle are attenuated as early as 20 seconds into an exercise 
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bout, thus reducing arteriole catecholamine binding and in turn decreasing the magnitude 
of the vasoconstrictor response of the active skeletal muscle arterioles (Buckwalter et al., 
2001; J. P. Cooke, Shepherd, & Vanhoutte, 1984).  This attenuation P2x adinoreceptors 
(which also invoke sympathetic vasoconstriction) are thought to be attenuated in a similar 
fashion to alpha-2 adrenergic receptors during exercise (Buckwalter et al., 2003).  The 
mechanical contraction of skeletal muscle fibers during exercise also contributes to 
functional sympatholysis by relaxing vascular smooth muscle cells and increasing 
capillary perfusion and vascular conductance in the active skeletal muscle (Thomas & 
Segal, 2004).  
Blood Pressure Dysregulation 
Dysautonomia (or autonomic dysfunction) is a malfunctioning of the autonomic 
nervous system (Freshwater-Turner et al., 2007; Goldstein, 2003; Waterman, 2001) 
which can result from autoimmune disorders (Kaplan, 2013), Lyme’s Disease (Kanjwal, 
Karabin, Kanjwal, & Grubb, 2011), postural orthostatic tachycardia syndrome (POTS), 
diabetes mellitus (Vinik & Erbas, 2013; Vinik, Nevoret, Casellini, & Parson, 2013), 
tetanus (Freshwater-Turner et al., 2007), Parkinson’s disease (Goldstein, 2003), and 
many other factors which are not fully understood (Kaplan, 2013).  Because the 
autonomic nervous system controls a number of critical physiological functions the 
symptoms associated with dysautonomia are tremendous in number as well as incredibly 
diverse (Freshwater-Turner et al., 2007; Goldstein, 2003; Waterman, 2001).  The 
complications resulting from dysautonomia also vary widely from person to person and 
can range from mild to severe (Freshwater-Turner et al., 2007; Goldstein, 2003; Kanjwal 
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et al., 2011; Kaplan, 2013; Vinik & Erbas, 2013; Vinik et al., 2013; Waterman, 2001).  
Orthostatic intolerance is a symptom experienced by most patients with dysautonomia as 
a result of hindered baroreceptor activity and subsequent reductions in sympathetic and 
parasympathetic vasoconstriction and vasodilation, respectively (Freshwater-Turner et 
al., 2007; Goldstein, 2003; Waterman, 2001).  In addition to the wide range of other 
symptoms already present with autonomic dysfunction, orthostatic intolerance can 
introduce many other complications ranging from mild to severe (Freshwater-Turner et 
al., 2007; Goldstein, 2003; Kanjwal et al., 2011; Vinik & Erbas, 2013; Vinik et al., 2013; 
Waterman, 2001). 
Summary 
At rest mean arterial pressure is maintained chiefly by arterial baroreceptors 
(Raven et al., 2002) while during exercise mean arterial pressure is a product of central 
(i.e. central command) (Basnayake et al., 2012; Matsukawa, 2012) and peripheral 
mechanisms (i.e. exercise pressor reflex) (Kaufman, 2012; Secher & Amann, 2012) in 
combination with their interactions with the arterial baroreflex (Fadel & Raven, 2012; 
Gallagher et al., 2006; Williamson, 2010).  What is now considered a major field of 
integrative physiology research  known as ‘the neural control of the circulation’(Krogh & 
Lindhard, 1913) is a combination of Zuntz and Geppert’s (1886) work on the exercise 
pressor reflex  linked with Johannson’s (1893) efforts on central command (Raven, 
2012).  Combined together the baroreflex, central command and exercise pressor reflex 
are the key network of regulating blood pressure both at rest and during exercise (Alam 
& Smirk, 1937; Basnayake et al., 2012; Coote et al., 1971; Fadel & Raven, 2012; 
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Goodwin et al., 1972; Kaufman, 2012; Krogh & Lindhard, 1913; Matsukawa, 2012; 
Melcher & Donald, 1981; Raven, 2012; Secher & Amann, 2012; Williamson, 2010).  
Dysfunction of any of these networks can result in negative health consequences, thus 
full understanding of the physiology behind each response is of paramount importance 
(Freshwater-Turner et al., 2007; Goldstein, 2003; Kanjwal et al., 2011; Vinik & Erbas, 
2013; Vinik et al., 2013; Waterman, 2001). 
Techniques Employed to Investigate Blood Pressure Regulation 
 LBNP, Head-Up Tilt (HUT) test, and neck suction / neck pressure are three of the 
most frequently used techniques of inducing stress on systems that control blood pressure 
(Goswami et al., 2008; Ichinose et al., 2004; Ong, Myint, Shepstone, & Potter, 2013).  
Since 1965 LBNP has been widely used in research as a noninvasive, easily reversible 
method of elucidating responses to orthostatic stress (Goswami et al., 2008; Stevens & 
Lamb, 1965).  This technique requires a participant rest in a supine position enclosed 
distal to the iliac crest in an air tight chamber, while a vacuum draws air from within the 
chamber to create negative pressure (Goswami, Grasser, Roessler, Schneditz, & 
Hinghofer-Szalkay, 2009; Goswami et al., 2008).  Following the laws of fluid dynamics, 
exposure to LBNP (distal of the iliac crest) shunts blood from an area of higher pressure 
(i.e. the upper portion of the body, outside of the chamber) to an area of lower pressure 
(i.e. the lower portion of the body, inside the chamber) (Esch, Scott, & Warburton, 2007).  
In most cases this results in peripheral blood pooling in the lower limbs (Halliwill, 
Lawler, Eickhoff, Joyner, & Mulvagh, 1998; Hisdal, Toska, & Walloe, 2001; Rowell, 
1993) and subsequently a reduction in central venous pressure, right atrial pressure, 
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thoracic blood volume, and cardiac output (Guell, Braak, Le Traon, & Gharib, 1991).  In 
a healthy individual this is followed by a compensatory increase in heart rate and 
peripheral vasoconstriction to properly maintain blood pressure (Abboud, Eckberg, 
Johannsen, & Mark, 1979; Berdeaux, Duranteau, Pussard, Edouard, & Giudicelli, 1992; 
de Carvalho et al., 2005; Sather, Goldwater, Montgomery, & Convertino, 1986).  
 The vast majority of physiological reflexes and responses caused by LBNP are 
believed to be mediated primarily by the magnitude and duration of NP exposure 
(Goswami et al., 2008; Mohanty, Sowers, McNamara, & Thames, 1988; Wolthuis, 
Bergman, & Nicogossian, 1974) and typically reported as a function of the change in one 
or more of the following variables: blood markers (i.e., total hemoglobin and oxygenated 
hemoglobin), heart rate, maximal oxygen consumption, mean arterial pressure, stroke 
volume, cardiac output, total peripheral resistance, venous blood pooling, muscle 
sympathetic nerve activity (Eiken & Bjurstedt, 1985; Goswami et al., 2009; Goswami et 
al., 2008; Hachiya et al., 2012; Nishiyasu, Tan, Kondo, Nishiyasu, & Ikegami, 1999; S. 
M. Smith et al., 2003; Watenpaugh et al., 2000; White & Montgomery, 1996).  There are 
established LBNP recommendations (i.e., degree of NP) that should be followed to 
trigger a desired physiological response (i.e., peripheral vasoconstriction, heart rate 
increase, blood pressure changes, etc.) (Goswami et al., 2008).  These responses can be 
influenced by age, height, health status, fitness level, menstrual cycle, time of day, 
prandial state, clothing, temperature, humidity, body position, sealing skirt, sodium 
intake, fluid intake, and the magnitude and duration of pressure exposure (Goswami et 
al., 2008; Hachiya et al., 2012).  Overall LBNP is a safe and reliable technique to 
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investigate the baroreceptor activity (Abboud et al., 1979; Berdeaux et al., 1992; Brown, 
Hecht, Neundorfer, & Hilz, 2003; Shi, Potts, Foresman, & Raven, 1993), as well as 
simulate hemorrhaging (Convertino, Ludwig, & Cooke, 2004; W. H. Cooke, Ryan, & 
Convertino, 2004; Olsen, Vernersson, & Lanne, 2000; Pitts, Preston, Jaeckle, Meller, & 
Kathol, 1990; Rea et al., 1991) and orthostatic stress (Levine et al., 1991; Savard & 
Stonehouse, 1995; Zhang, Zheng, Wang, Zhang, & Liu, 1999), and is therefore prevalent 
when investigating the associated physiological responses (Goswami et al., 2008; 
Wolthuis et al., 1974).  
Similar to LBNP, HUT has been used to challenge blood pressure control 
mechanisms.  HUT simulates orthostatic stress through controlled postural adjustments 
(Ong et al., 2013).  Specifically, HUT requires a technician to slowly increase the angle 
of a tilt table while the participant remains passive.  This causes gravity to pool blood 
into the participant’s lower extremities, resulting in baroreceptor unloading (Ong et al., 
2013).  In order to place orthostatic stress upon an individual HUT must stimulate the 
vestibular Gz system with angular accelerations (i.e., the participant must move) 
(Watenpaugh et al., 2004).  LBNP can invoke orthostatic intolerance while participants 
are lying supine and motionless, because of this LBNP is thought advantageous over 
HUT (Goswami et al., 2008).  Additionally, considering equipment alone the cost of most 
LBNP investigations is often lower than that of HUT, and the 2007 release of step-by-
step instructions on how to construct a NP chamber (Esch et al., 2007) may allow NP to 
serve as a more practical tool for some investigators.  The ease at which the magnitude of 
pressure can be manipulated and having the ability to stimulate only local areas of the 
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body (i.e., single leg, single arm) are two additional advantages of LBNP that add study 
design options not possible with HUT. 
Neck pressure and neck suction have also been used to evaluate the carotid 
baroreflex control at both rest and exercise (Ogoh et al., 2002; Raven et al., 2002).  This 
technique allows for assessment of the carotid-vasomotor response by altering carotid 
sinus transmural pressure and observing the subsequent response in mean arterial 
pressure (Ogoh et al., 2002; Raven et al., 2002).  When using neck pressure or suction it 
is possible that the pressure transmitted to the carotid sinus may not be the same as the 
recorded external neck chamber pressure (Ogoh et al., 2002), undoubtedly a disadvantage 
to using this technique.  Most LBNP designs utilize a manometer or vacuum gauge to 
measure the chamber pressure which ensures that pressure application is accurate and 
consistent.  Another distinct advantage of LBNP over neck pressure and neck suction is 
that, unlike neck pressure and neck suction, LBNP does not require direct manipulation 
of the baroreceptors.  Instead, LBNP indirectly triggers baroreflex activity through blood 
flow redistribution.  This allows LBNP to be employed for investigating the baroreflex 
response to hemodynamic changes, which is not possible with neck pressure and neck 
suction.  
Objectives 
LBNP's reliability has no doubt contributed to the number of investigations 
focusing on blood pressure regulation over the past decade.  However, the application of 
NP to challenge the cardiovascular system has been strictly limited to the lower body 
despite some evidence that suggests the responses may in fact differ when applied to the 
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upper arm.  The physiological responses to upper body negative pressure (UBNP) are 
currently unknown.  This presents an interesting physiological question that may have 
significant clinical impact.  For example, it has been established that the central and 
peripheral responses to upper and lower body exercise of the same work rate are different 
(McDaniel, Lee, Berger, Hanagami, & Armstrong, 2008; Miles, Cox, & Bomze, 1989).  
Heart rate, mean arterial pressure and peripheral resistance are often found to be higher 
while performing upper body exercise when compared to lower body exercise at any 
given submaximal work rate (Miles et al., 1989).  These differences in response to upper 
and lower body exercise could possibly result from the proximity of the upper and lower 
extremities relative to the arterial baroreceptors located on the aorta and carotid arteries.  
In addition, changes in heart rate during LBNP have been found to be different when 
sealing the waist at the level of the upper abdomen compared to the more traditional level 
of the iliac crest (Goswami et al., 2009).  More recent evidence also suggests differences 
may exist between forearm and calf sympathetic vasoconstrictor responses (Hachiya et 
al., 2012) which would likely lead to differences in the response to NP when it is applied 
to the upper or lower body.  
Differences in physiological responses between UBNP and LBNP have clinical 
relevance.  For example, hemorrhage is a leading cause of death in both civilian and 
battlefield trauma (W. H. Cooke et al., 2004).  Since controlled study of severe 
hemorrhaging in humans is not possible, a physiological algorithm is needed to predict 
survival outcome in trauma and combat casualties (W. H. Cooke et al., 2004; Gilchrist et 
al., 2012).  Fortunately, many of the physiological compensations to acute hemorrhage 
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can be mimicked in a laboratory setting using NP application to the lower extremities 
(i.e., LBNP) (W. H. Cooke et al., 2004).  LBNP redistributes blood from the thorax into 
the dependent regions of the pelvis and legs, effectively decreasing central blood volume 
in a fashion similar to acute hemorrhaging (W. H. Cooke et al., 2004).  Since the 
cardiovascular compensation stimuli observed during LBNP and hemorrhage conditions 
are near identical (i.e., decreased venous return, preload, stroke volume and cardiac 
output), relationships have been developed between the magnitude of NP (mmHg) to 
respective severity of hemorrhage (i.e., ml of blood loss or % total blood volume loss) 
(W. H. Cooke et al., 2004).  
Although for decades LBNP has been widely accepted as a reliable model for 
studying progression to acute hemorrhagic shock in humans (Convertino et al., 2004; W. 
H. Cooke et al., 2004; Goswami et al., 2008; Olsen et al., 2000; Pitts et al., 1990; Rea et 
al., 1991), no studies have demonstrated whether LBNP-induced hemorrhaging is 
accurately generalizable to hemorrhaging occurring in regions of the body other than the 
lower extremities.  Differences between the sympathetic response to UBNP and LBNP 
would suggest the response to hemorrhaging could also depend upon the location of the 
hemorrhage.  If differences do exist, the reliability of LBNP as a hemorrhaging model to 
predict human survival outcomes would come into question and additional effort must be 
spent towards developing new reliable methods of simulating regional hemorrhaging in 
the body (W. H. Cooke et al., 2004; Skillman, Hedley-Whyte, & Pallotta, 1971). 
Therefore, a purpose of this investigation was to compare responses in heart rate, 
mean arterial pressure, cardiac output, stroke volume, blood flow, artery diameter, 
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oxygenated hemoglobin, and deoxygenated hemoglobin between UBNP and LBNP.  Our 
first hypothesis was that both the peripheral response (decreased artery diameter, 
decreased blood flow, increased peripheral resistance) and central response (decreased 
mean arterial pressure, increased heart rate) to NP of the whole arm would be lower than 
NP of the whole leg due to a reduced amount of tissue exposed to NP.  However, because 
of the arms closer proximity to aortic and cardiopulmonary baroreceptors we anticipated 
UBNP will elicit a quicker onset and rate of change in both vasoconstrictor and 
cardiovascular responses.  Our second hypothesis was that the vasoconstrictor and 
cardiovascular responses would be similar when comparing NP stimulation of the whole 
arm to NP stimulation of a volume-matched portion of the leg.  Due to the arms 
proximity relative to the baroreceptors we again anticipate UBNP would elicit a quicker 
onset and rate of change in all variables compared to LBNP.  
As previously mentioned, LBNP has been used to compare blood flow regulation 
between populations (i.e. age, disease and gender).  Conclusions drawn from publications 
focusing on the influence of gender on the physiological response to controlled 
sympathetic stimulation have varied widely (Beske et al., 2001; Franke, Lee, Graff, & 
Flatau, 2000; Fu et al., 2004; Hachiya et al., 2012; Montgomery et al., 1977; Ryan, 
Goldberger, Pincus, Mietus, & Lipsitz, 1994; White, Gotshall, & Tucker, 1996).  For 
example, in response to simulated sympathoexitation (i.e., unloading of the cardiac 
baroreflex via LBNP) changes in total vascular resistance have been reported equal 
(Franke et al., 2000; Rahman et al., 1991) and different (Convertino, 1998; Hudson, 
Smith, & Raven, 1987) between men and women.  Heart rate responses have also been 
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observed as equal and different between genders during LBNP (Convertino, 1998; 
Montgomery et al., 1977; Shoemaker et al., 2001) and under similar levels of orthostatic 
stress, women respond primarily with vagal withdrawal while men greater sympathetic 
activity (Foux, Seliktar, & Valero, 1976; Frey, Mathes, & Hoffler, 1986).  Additionally, 
compared to males, females experience reduced changes in sympathetic vasoconstriction 
in response to LBNP (Hachiya et al., 2012), possibly related to differences in cardiac 
filling, adrenergic responses (Kelly et al., 2004), the metaboreflex (Ettinger et al., 1996), 
estrogen and progesterone (Carter & Lawrence, 2007), sympathetic baroreflex reactivity 
or baroreflex latency period (Goswami et al., 2008).  Overall, this evidence suggests 
females are less tolerant and more susceptible to an earlier onset of syncope under 
orthostatic stress compared to males (Convertino, 1998; Goswami et al., 2008; Hachiya et 
al., 2012; Montgomery et al., 1977; White et al., 1996).  Of important note is postural 
orthostatic tachycardia syndrome (i.e., POTS), an idiopathic autoimmune disorder 
strongly related to and classified with many traditional symptoms of orthostatic 
intolerance.  POTS is far more prevalent in females than males and is diagnosed as an 
abnormal increase in heart rate response when going from lying to standing. 
In addition to having possible implications towards orthostatic intolerance, gender 
differences existent in the response to sympathetic stimulation would also likely 
influence functional sympatholysis effectiveness in active muscle (Buckwalter & 
Clifford, 2001; Raven et al., 1997; Vongpatanasin et al., 2011).  As previously stated, 
exercise results in global sympathetically induced vasoconstriction, however in the active 
muscles metabolic by-products, which are strong vasodilators, partially override this 
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vasoconstriction, resulting in greater vasodilation and subsequently increased blood flow 
to active muscle.  Therefore, a reduced sympathetic vasoconstrictor response in females 
may allow them to achieve greater local skeletal muscle blood flow during exercise 
compared to males (Fadel & Raven, 2012; Gallagher et al., 2006; Kaufman, 2012; 
Matsukawa, 2012; Raven, 2012).  Although this may benefit the work capacity of the 
active muscle it could also predispose women to experience an increased level of post 
exercise hypotension.  This is not only true for females but also anyone experiencing 
autonomic dysfunction as a result of age or disease (Freshwater-Turner et al., 2007; 
Goldstein, 2003; Kanjwal et al., 2011; Kaplan, 2013; Victor, Secher, Lyson, & Mitchell, 
1995).  
 Therefore, the second aim of this investigation was to better understand gender 
differences in the global vasoconstrictor response to sympathetic stimulation (i.e., LBNP) 
and to determine if these differences influence active muscle blood flow through greater 
functional sympatholysis.  This would provide further information regarding the extent of 
any reductions in sympathetic nervous response observed in women and the impact 
towards blood flow capacity in the exercising muscles.  We hypothesized that females, 
compared to males, would exhibit a reduced vasoconstrictor response through LBNP and 
in combination with local vasodilation would allow them to better maintain blood flow to 
active muscle.  
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CHAPTER III 
METHODOLOGY 
Participants 
 Ten male and 10 female volunteers with no significant differences in physical 
activity level (males: 63.8 ± 7.7 AU, females: 70.1 ± 6.6 AU; p = 0.54), age (males: 26 ± 
1 years, females: 23 ± 1 years; p = 0.16) and height (males: 171.7 ± 6.0 cm, females: 
162.6 cm; p = 0.2) were recruited for this investigation.  This number of participants was 
chosen based on 117 previous publications that employed negative pressure to 
manipulate blood pressure, of which 76 studied less than 10 participants and had 
sufficient power (Goswami et al., 2008).  Pilot testing for part 1 was performed on 3 male 
participants on the arm and leg negative pressure conditions revealed that less than 10 
participants will suffice in order to see significance.  For part 2, pilot testing performed 
on the same 3 males revealed there was change in blood flow between handgrip and 
handgrip during LBNP in men.  Although we had no female pilot data to run a complete 
power analysis for part 2, we expect women to have low or no change in blood flow for 
between handgrip and handgrip during LBNP conditions due to reduced sympathetic 
vasoconstriction and greater ability to maintain functional sympatholysis.  Therefore, any 
change in blood flow in men between handgrip and handgrip during LBNP is positive. 
Inclusion / Exclusion Criteria 
All participants were non-smoking, normotensive, free of orthopedic injuries, 
diabetes mellitus, neurological disorders, autonomic disorders (i.e. Raynaud's disease, 
Parkinson’s disease, Lyme’s disease, tetanus, spinal cord injury, etc.), syncope related 
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issues, symptoms suggesting orthostatic intolerance (i.e., vasovagal syncope, vertigo, 
POTS, etc.), cardiovascular disease or any other conditions that are contraindications to 
physical activity.  Special attention was focused on the exclusion of those with POTS, an 
idiopathic autoimmune disorder strongly related to and classified with many traditional 
symptoms of orthostatic intolerance.  POTS can be diagnosed using the head up tilt test 
(HUT) as a marked abnormal increase in heart rate response when going from lying to 
standing.  POTS is widely established to be far more prevalent in females than in males, 
and because of greater risk of syncope individuals diagnosed with POTS were excluded 
from participating.  Additionally, participants were not taking any medications or 
supplements that influence the autonomic nervous system or blood pressure (i.e., 
medications causing arterial vasoconstriction or vasodilation, sympathetic or 
parasympathetic activation or deactivation, etc.), anti-anxiety medications, clonidine, 
disopyramide, pregabalin, selective serotonin reuptake inhibitors (SSRIs), fluoxetine, 
sertraline, methylphenidate, Modafinil, or Theophylline.  All participants were required 
to provide written consent prior to participating.  This study has been approved by the 
university's institution review board.  
Protocol 
For the investigation, participants were required to visit the exercise science 
laboratory in the morning (6am – 12pm) on one occasion in a fasted state.  Participants 
were required abstain from exercise and consumption of alcohol and caffeine 24 hours 
prior to visiting the lab.  At the onset of this visit participants were introduced to the 
investigation requirements and familiarized with the protocol and equipment involved.  
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Once participants were fully briefed of all potential risks and commitments required by 
the investigation, if continued participation was desired, they were asked to complete an 
informed consent form and health history questionnaire.  Participants then lied supine on 
a hospital gurney at which time cardiovascular and respiratory monitoring equipment 
(ECG, beat-by-beat blood pressure cuff, respiratory strap) were set up.  After this 
equipment was ready, participants first lie resting for 10 minutes to achieve appropriate 
resting state.  Participants then performed parts 1 and 2, with a 10 minute resting 
intermission to allow cardiovascular variables to return to baseline.  
Part 1 
Part 1 involved utilizing a custom negative pressure box to compare the 
cardiovascular responses to UBNP and LBNP.  First, to distinguish the depth of the arm 
and leg that were to be placed into the NP chamber, a volumetric edema gauge was used 
to measure the volume of participant’s whole left arm (distal to the acromion process).  
Next the gauge was used to measure a portion of the participant’s left leg matching the 
volume of their whole left arm.  This technique involved participants putting their left 
arm or leg in a container filled with water.  As more and more limb volume was placed 
into the gauge, more and more water spilled over the top into a graduated cylinder where 
volume was measured.  
Investigators then assisted participants in placing their whole left arm (WA), 
whole left leg (distal to the pubic tubercle) (WL) or a portion of their left leg that was 
volume-matched to the left arm (VML) into the NP chamber.  Once the limb was sealed 
in the chamber the participants remained at rest for 5 minutes to collect baseline data.   
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Following baseline the vacuum was turned on to create NP within the box.  Then each 
limb was subjected to 2 stages of NP (-30 mmHg and -60 mmHg) lasting 5 minutes each.  
Both stages were be followed by a 3 minute recovery period.  In the right arm (non-NP 
exposed), Doppler ultrasound and near-infrared spectroscopy (NIRS) were used to 
continuously measure brachial artery blood flow (BBF), forearm oxygenated hemoglobin 
(O2Hb), deoxygenated hemoglobin (deO2Hb), total hemoglobin (tHb) and tissue 
saturation index (TSI).  Heart rate, mean arterial pressure, cardiac output and stroke 
volume (SV) were also measured continuously. 
 For all dependent variables a two way analysis of variance (limb condition x 
pressure) was used to assess differences between the response to whole arm, whole leg, 
and volume-matched leg NP exposure.  If there were significant main effects, post hoc 
comparisons were performed to determine across which conditions those differences 
existed.  Two control for type I error, Bonferroni alpha correction was utilized for all post 
hoc comparisons.  For all comparisons alpha was set at 0.05. 
Part 2 
While lying supine participants were placed into our LBNP chamber distal to the 
iliac crest.  They began by performing a maximal voluntary contraction (MVC) using 
their right hand with the handgrip dynamometer.  Participants then performed 3 stages of 
incrementally increasing intensity (3 minutes of 15%, 30%, and 45% MVC) handgrip 
exercise with 1 minute rest following each stage.  A metronome was used to maintain a 
squeeze cadence of 1 squeeze per second.  Following a 20 minute recovery, this protocol 
was repeated with the application of -30 mmHg NP.  In the exercising arm (right), 
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Doppler ultrasound and near-infrared spectroscopy were used to continuously measure 
brachial artery blood flow (BBF), forearm oxygenated hemoglobin (O2Hb), 
deoxygenated hemoglobin (deO2Hb), total hemoglobin (tHb) and tissue saturation index 
(TSI). Heart rate (HR), mean arterial pressure (MAP), cardiac output (CO) and stroke 
volume (SV) were also measured continuously. 
 A three way ANOVA (condition x intensity x gender) was used to assess 
differences between gender, handgrip intensity, and LBNP.  As needed post-hoc paired 
sampled t-tests were used to further explore the influence of gender and intensity.  If 
there were significant main effects, post hoc comparisons were performed to determine 
across which conditions those differences exist.  Two control for type I error, Bonferroni 
alpha correction was utilized for all post hoc comparisons.  For all comparisons alpha 
was set at 0.05. 
Specific Measurement Techniques 
 Our UBNP chamber was custom designed from LBNP chamber construction 
instructions (Esch et al., 2007), with the exception that it is simply smaller in size.  The 
chamber dimensions are 36” x 16” x 16”.  All of the chamber walls as well as the floor 
were constructed of ¾ inch oak and in order to allow viewing transparent acrylic was 
chosen for the top of the chamber.  Silicone was used to seal all edges of the chamber. 
Two different sized holes were cut on opposing ends of the chamber to cater to a greater 
limb size.  A large hole was cut in one end to allow insertion of larger extremities or a leg 
(i.e., ‘leg hole’) and a small hole was cut in the other for the smaller extremities such as 
the arm (i.e., ‘arm hole’).  For comfort as well as for providing a better seal a 6 inch 
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custom flange was then installed in the leg hole and a 4 inch PVC flange was installed in 
the arm hole.  A large kayak dry bag was cut and custom fit to the leg hole and a medium 
kayak dry bag was cut and custom fit to the arm hole.  Knee pads will be loosely placed 
on a participant’s inserted limb facing the oak floor of the chamber to ensure comfort as 
well as regular blood flow. Our LBNP chamber was also custom designed.  The floor and 
walls are constructed from ½ inch plywood and the top is removable ½ inch clear acrylic. 
The waist hole on the LBNP chamber is oval shaped and sealed with 2 separate nylon 
kayak skirts to ensure no leaking. 
A volumetric edema gauge was used to quantify an equal volume of participant’s 
leg to match the volume of their whole arm (distal to the acromion process) in order to 
distinguish the depth of the leg that must be placed into the NP chamber.  Volumetric 
edema gauges are used clinically when treating injuries related to swelling (i.e., edema), 
specifically they are used to measure the volume of edema present on the body part by 
using a fluid displacement technique.  This involves individuals putting their body part 
(in this study's case the arm or leg) in a container filled with water.  As more and more 
limb volume is placed into the gauge, more and more water spills over the top into a 
graduated cylinder where volume can be measured.  
Blood flow was measured using a GE logic 7 Doppler ultrasound system 
(Milwaukee, WI).  This system uses non-invasive sound waves in order to measure 
arterial blood velocity.  Image capturing and vessel diameter analysis software was used 
to continuously record brachial artery vessel diameter (DIAM). 
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Right forearm muscle oxygenation was measured using near-infrared 
spectroscopy (NIRS) (Hachiya, Blaber, & Saito, 2008; Hachiya et al., 2012; Hachiya, 
Walsh, Saito, & Blaber, 2010).  NIRS can estimate arterial vasoconstriction using 
changes in oxygenated states of hemoglobin in tissue intracellular sites such as capillaries 
and arterioles (Hachiya et al., 2008; Hachiya et al., 2012; Hachiya et al., 2010).  Heart 
rate was measured using electrocardiography via AD Instruments (Colorado Springs, 
CO) data acquisition system and blood pressure was measured through noninvasive 
finger-cuff beat by beat assessment (Nexfin, Edwards Lifesciences, Irvine, USA).  
Respiratory frequency and depth were monitored using a respiratory strap (Pneumotrace, 
ADInstruments, Colorado Springs, CO). 
Participants performed dynamic handgrip exercise using a digital handgrip 
dynamometer (AD instruments, Colorado Springs, CO).  A metronome at 60 bpm 
cadence was used to ensure participants maintain a consistent squeeze rate during the 
handgrip exercise. 
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CHAPTER IV 
LOWER AND UPPER BODY NEGATIVE PRESSURE 
Introduction 
Hemorrhage is a leading cause of death in both military and civilian trauma 
patients and appropriate treatment for hemorrhage is critical during early life saving 
interventions (Eastridge et al., 2011).   Study of hemorrhage in humans is not ethical, 
therefore clinical training methods (e.g. LBNP and tilt table) are used to simulate 
hypovolemia (low blood volume) in order to further understand the human physiological 
response to hemorrhage and to optimize treatments (Convertino & Cap, 2010; Convertino 
et al., 2011; W. H. Cooke et al., 2004; Olsen et al., 2000; Pitts et al., 1990; Rea et al., 
1991; Skillman et al., 1971; Wolthuis et al., 1974).  One such method, LBNP is 
considered a highly reproducible experimental model of hemorrhage (Convertino, 2001; 
Hinojosa-Laborde et al., 2014).  In a healthy individual LBNP stimulation applied distal 
to the iliac crest pulls blood to the legs, resulting in a drop in blood pressure.  As a result 
there is a compensatory baroreflex-mediated increase in sympathetic nervous system 
activity (Rea et al., 1991; Vongpatanasin et al., 2011) which increases HR and peripheral 
vasoconstriction resulting in the subsequent recovery of blood pressure.  The 
physiological responses to LBNP are similar to those observed during hemorrhage 
(Rickards et al., 2014) making LBNP a valid research technique for studying the 
physiological response to hemorrhage.  ` 
To date, researchers utilizing LBNP have only used the lower body.  Thus, it is 
unknown if negative pressure applied to the upper extremities elicits different 
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physiological responses compared to the standard application to the lower extremities.  
Changes in heart rate during LBNP have been found to be different when sealing the 
waist at the level of the upper abdomen compared to the more traditional level of the iliac 
crest (Goswami et al., 2009).  More recent evidence suggests differences may exist 
between forearm and calf sympathetic vasoconstrictor responses (Hachiya et al., 2012) 
which would likely lead to differences in the response to negative pressure when it is 
applied to the upper or lower body.  Finally, proximity of the upper and lower extremities 
to the arterial baroreceptors located on the aorta and carotid arteries could result in more 
rapid responses with negative pressure applied to the arms.  If differences do exist, the 
reliability of LBNP as a hemorrhaging model to predict human survival outcomes would 
come into question and additional effort must be spent towards developing new reliable 
methods of simulating regional hemorrhaging in the body (W. H. Cooke et al., 2004; 
Skillman et al., 1971). 
 Therefore, the purpose of this investigation was to compare cardiovascular 
responses between upper body negative pressure (UBNP) and LBNP.  Our hypothesis 
was that both the central response (decreased mean arterial pressure and increased heart 
rate) and peripheral response (decreased artery diameter and decreased blood flow) to 
UBNP will be lower than LBNP due to a reduced amount of tissue exposed to negative 
pressure.  However, because of closer proximity to aortic and cardiopulmonary 
baroreceptors we anticipate that UBNP will elicit a quicker onset and rate of change in 
both vasoconstrictor and cardiovascular responses.  
Methods 
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 All experimental protocols were approved by the Institutional Review Board of 
Kent State University.  Written informed consent was obtained from all of the 
participants. 
Experimental Protocol 
Participants visited the Kent State University exercise science laboratory in the 
morning on one occasion in a fasted state.  Participants were instructed to wear 
comfortable, athletic attire and refrain from exercise and caffeine 24 hours prior to their 
arrival.  First a volumetric edema gauge was used to quantify the volume of the 
participants’ whole arm (distal to the acromion process) and to identify an equal volume 
the participant’s leg.  Participants were then asked to lie in a resting supine position and 
remain in this position for the remainder of the protocol.  Investigators then assisted 
participants in placing their whole left arm (WA), whole left leg (distal to the pubic 
tubercle) (WL) or a portion of the left leg that is volume-matched to the whole arm 
(VML) into the negative pressure chamber.  The order in which the limbs were exposed 
to negative pressure was first the WA, followed by the VML and then the WL, with 10 
minutes rest between limbs.  This limb order was always used because of its efficiency 
and sealing reliability.  Once each limb was sealed in the chamber the participants 
remained at rest for 5 minutes to collect baseline data.  Each limb was then subject to 2 
stages of negative pressure (-30 mmHg and -60 mmHg) lasting 5 minutes each.  Both 
stages were followed by a 3 minute recovery period.  There were 10 minute rest periods 
in between each limb (Figure 1). 
Central Cardiovascular Variables 
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Throughout all stages heart rate (HR) was continuously recorded by 
electrocardiography (AD Instruments, Colorado Springs, CO), and beat-by-beat mean 
arterial pressure (MAP), cardiac output (CO), and stroke volume (SV) were measured 
through noninvasive finger-cuff assessment (Nexfin, Edwards Lifesciences, Irvine, 
USA).  Ventilatory frequency and depth were monitored using a ventilatory strap 
(Pneumotrace, ADInstruments, Colorado Springs, CO).  Participants were instructed to 
lie resting and breath normally.  Following data collection, heart rate variability was 
calculated through a spectral analysis with the low frequency (LF) band range defined as 
0.04 – 0.15 and the high frequency (HF) band range defined as 0.15 – 0.45 (Billman, 
2011; Budgell & Hirano, 2001; Fouad, Tarazi, Ferrario, Fighaly, & Alicandri, 1984; 
Katona & Jih, 1975; Roy, Boucher, & Comtois, 2009; Shafiq, McGregor, & Murphy, 
2014).  
Peripheral Hemodynamics 
Brachial blood flow (BBF) and brachial artery diameter were measured in 
participant’s right arm using a GE logic 7 Doppler ultrasound system (Milwaukee, WI) 
equipped with a 12L probe operating at an imaging frequency of 10-14 MHz.  Image 
capturing and vessel diameter analysis software were used to record and measure end-
diastole diameter.  Blood velocity was acquired with a probe insonation angle of 60 
degrees or less.  Using arterial diameter and mean velocity, blood flow was calculated as: 
Blood Flow (mL/min) = Vmean • π • (Vessel Diameter/2)2 • 60.  Near-infrared 
spectroscopy (Oxymon Mk III, Artinis Medical Systems, The Netherlands) was used to 
measured changes in right forearm tissue concentrations of oxygenated hemoglobin 
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(O2Hb), de-oxygenated hemoglobin (deO2Hb), total hemoglobin (tHb), and tissue 
saturation index (TSI).  In order to quantify the percent change of O2Hb and deO2Hb 
relative to their physiological maximum a vascular occlusion technique was performed 
on each participant’s right arm prior to collecting baseline data (Cross, van Beekvelt, 
Constantini, & Sabapathy, 2014; Martin et al., 2013).  This involved occluding arterial 
blood flow in the brachial artery using a Hokenson automated blood pressure cuff set to a 
pressure of 225 mmHg.  After the pressure in the cuff was released, the amplitude of the 
hyperemic response was measured and considered to be the maximal possible 
physiological change. 
Negative Pressure Chamber 
Our negative pressure chamber was custom designed from LBNP chamber 
construction manual (Esch et al., 2007).  The chamber dimensions were 36” x 16” x 16”. 
All of the chamber walls, as well as the floor, were constructed of ¾ inch oak and the top 
of the chamber was transparent acrylic to allow for viewing of the limb.  Negative 
pressure was produced through a vacuum cleaning system (Beam, Peoria, IL), adjusted 
through a variable autotransformer (Staco Energy Products, Miamisburg, OH) and 
monitored using a manometer (Sper Scientific, Scottsdale, AZ). 
Statistical Analysis 
 The physiological responses to LBNP are undoubtedly influenced by the duration 
of negative pressure exposure (Goswami et al., 2008).  Therefore, in order to better 
determine LBNP’s validity as a model for studying immediate and chronic hemorrhaging, 
in the present study the analysis for each variable was divided into an acute (BASE, 15 
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seconds, 30 seconds, 45 seconds, 60 seconds, 75 seconds and 90 seconds) analysis and a 
chronic (BASE, minute 1, minute 2, minute 3, minute 4 and minute 5) analysis.  For each 
pressure (-30 and -60) a 2-way analysis of variance (limb condition x time) was used to 
assess physiological response to the negative pressure.  For any significant main effects, 
subsequent one way analysis with simple first contrasts were used to only determine  
which time points were significantly different from baseline.  If there was a main effect 
of limb, a second analysis was performed on the relative changes from baseline to 
determine how the responses varied between limbs (i.e. analysis on relative changes, 
rather than absolute values, were performed between limbs to account for minor 
differences in baseline values).  To control for type I error, Bonferroni alpha corrections 
were utilized for all post hoc comparisons.  For all comparisons alpha was set at 0.05. 
Results 
 Ten males and ten females with no significant differences in physical activity 
level (males 63.8 ± 7.7 AU, females 70.1 ± 6.6 AU; p = 0.54), age (males 25.5 ± 1.1 
years, females 23.2 ± 1.1 years; p = 0.16) and height (males 171.7 ± 6.0 cm, females 
162.6 ± 3.1 cm; p = 0.2) were recruited for this investigation.  This number of 
participants was based on a power analysis performed on pilot data which revealed that 8 
participants would suffice in order to see power of 0.8. All participants were non-
smoking, normotensive, free of orthopedic injuries, diabetes mellitus, neurological 
disorders, autonomic disorders, syncope related issues, symptoms suggesting orthostatic 
intolerance (i.e., vasovagal syncope, vertigo, POTS, etc.), cardiovascular disease or any 
other contraindications to physical activity as determined by a health history 
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questionnaire.  Participants were not taking any medications or supplements that 
influence the autonomic nervous system or blood pressure.  
There were no changes in any variables during the -30 mmHg pressure condition 
indicating that -30 mmHg of pressure was not a strong enough stimulus to elicit central 
and peripheral cardiovascular changes.  Therefore only results for the -60 mmHg pressure 
condition are reported.  
Central Cardiovascular Variables 
There was no limb x time interaction (F = 0.83, p = 0.827) or main effect of limb 
(F = 0.36, p = 0.699) in the acute HR response.  However, there was a main effect of time 
(F = 2.3, p = 0.038) (Figure 2).  Subsequent 1-way ANOVA for WA indicated there was 
a decrease from BASE to 30 seconds (p = 0.03) but no differences from BASE to 15, 45, 
60, 75, or 90 seconds (p ≥ 0.05 for all comparisons).  There were no significant 
differences in HR between BASE and 15, 30, 45, 60, 75, or 90 seconds in the WL and 
VML condition.  With regards to the chronic HR response there was no limb x time 
interaction (F = 0.8, p = 0.623), main effect of limb (F = 0.4, p = 0.67), or main effect of 
time (F = 0.69, p = 0.63) (Figure 3).  
There was a limb x time interaction (F = 2.28, p = 0.04) and a main effect of limb 
(F = 4.24, p = 0.02) in the acute MAP response.  However, there was no main effect of 
time (F = 1.29, p = 0.27) (Figure 4).  Analysis on the relative changes from baseline 
indicated there was no main effect of limb (p = 0.06) or time (p = 0.13), but the limb x 
time interaction remained significant (p = 0.04).  Subsequent one way analysis with 
simple first contrasts indicated that the only difference between limbs occurred at 60 and 
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75 seconds.  Specifically, the change in MAP (∆MAP) from BASE for WA at 60 seconds 
(2.15 ± 1.05 %) and 75 (2.4 ± 0.94 %) was greater than that for WL (-2.78 ± 1.3 % and -
1.95 ± 1.19 %, respectively; p = 0.007).  There was also a significant difference in the 
∆MAP between the WA and VML from BASE to 60 seconds (WA 2.15 ± 1.05; VML -
2.9 ± 1.95) (p = 0.046).  There was a main effect of limb (p = 0.04) but no main effect of 
time (p = 0.64) in the chronic response of MAP.  There was no limb x time interaction (p 
= 0.12) (Figure 5).  Considering the chronic response of the ∆MAP from BASE, there 
was no main effect of limb (p = 0.13), time (p = 0.07), or limb x time interaction (p = 
0.35). 
Acutely, there was no limb x time interaction (p = 0.06), main effect of limb (p = 
0.65) or main effect of time (p = 0.7) on SV (Figure 6).  Chronically, there was also no 
limb x time interaction (p = 0.07), main effect of limb (p = 0.62) or main effect of time (p 
= 0.39) on SV (Figure 7).  
Paired samples t-tests revealed that LF was greater than baseline during negative 
pressure stimulation of the WA, WL, or VML (p < 0.001 for all comparisons).  There 
were no differences in LF between the limbs.  There were no differences in HF or total 
power from baseline (Figure 8). 
Peripheral Hemodynamics 
The acute DIAM analysis revealed no limb x time interaction (p = 0.98) and no 
main effect of limb (p = 0.08).  However, there was a main effect of time (p < 0.001) 
(Figure 9).  Subsequent 1-way ANOVAs indicated that DIAM during WA was 
significantly reduced from BASE at seconds 15, 30, 45, 60, 75 and 90 (p < 0.04 for all 
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comparisons).  With regards to WL there were significant reductions from BASE at 
seconds 45, 60, 75 and 90 (p ≤ 0.005 for all comparisons) but not seconds 15 (p = 0.12) 
or 30 (p = 0.06).  During VML there were significant drops from BASE at seconds 45, 
60, 75, and 90 (p ≤ 0.01 for all comparisons) but not seconds 15 (p = 0.51) or 30 (p = 
0.22).  
The chronic DIAM analysis revealed no limb x time interaction (p = 0.68) and no 
main effect of limb (p = 0.12).  However, there was a main effect of time (p < 0.001) 
(Figure 10).  Subsequent 1-way ANOVAs indicated that DIAM during WA was 
significantly reduced from BASE at minutes 1 (p = 0.008), 2 (p = 0.009), 3 (p =0.004), 4 
(p = 0.007) and 5 (p = 0.008).  Considering the WL, there were significant reductions 
from BASE at minutes 1 (p = 0.009), 2 (p < 0.001), 3 (p = 0.008) and 5 (p = 0.04), but 
there were no significant differences between BASE and minute 4 (p = 0.10).  
Considering the VML, there was a significant drop from BASE at minute 2 (p = 0.007), 
but no significant differences from BASE at minutes 1 (p = 0.06), 3 (p = 0.23), 4 (p = 
0.74), or 5 (p = 0.49). 
There was no limb x time interaction (p = 0.12) on the acute BBF response. 
However, there was a main effect of limb (p = 0.001) and a main effect of time (p < 
0.001) (Figure 11).  Subsequent 1-way ANOVAs indicated that during WA there was a 
decrease from BASE at 15, 30, 45, 60 and 75 seconds (p < 0.02 for all comparisons) but 
not 90 seconds (p = 0.06).  During negative pressure exposure to WL there were 
significant reductions at 15, 60, 75 and 90 (p < 0.005 for all comparisons) and tended to 
be significant at 30 (p=0.06) and 45 (p=0.08).  Finally, during VML there was a 
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significant reduction in BBF from baseline at every time point (15-90 seconds; p<0.038 
for all comparisons).  However, when expressed relative to baseline the only difference 
between the limbs was a greater reduction in BBF during WA (-29.84%) compared to 
VML (-17.18%) at 15 seconds (p=0.04).  The chronic analysis also indicated that the 
change in blood flow continued beyond the first 90 seconds.  Specifically there was a 
main effect of limb (p < 0.001) and a main effect of time (p < 0.001) on BBF (Figure 12).  
Subsequent 1-way analysis indicated that during negative pressure to the WA there was a 
significant decrease from BASE at minutes 1, 4 and 5 (P<0.02 for all comparisons) but 
not minutes 2 (p = 0.08) or 3 (p = 0.15).  When the WL was exposed to negative pressure 
there was a significant decrease in BBF from BASE at minutes 1, 2, 3, 4, and 5 (p < 0.04 
for all comparisons).  Finally, during VML there was significantly lower BBF from 
BASE at minutes 1 (p = 0.009) and 2 (p = 0.04) but not at minutes 3 (p = 0.26), 4 (p = 
0.72) or 5 (p = 0.09).  However, when these differences were expressed relative to 
baseline there were no differences in WA, WL or VML at any of the time points. 
Muscle Oxygenation  
There was no limb x time interaction (p = 0.18) or main effect of limb (p = 0.58) 
in the acute response in O2Hb.  However there was a main effect of time (p < 0.001) 
(Figure 13).  Subsequent 1-way ANOVA for the WA indicated there were significant 
decreases in O2Hb from BASE to seconds 15, 30, 45, and 60 (p ≤ 0.02 for all 
comparisons), but no significant differences between BASE and seconds 75 (p = 0.07) or 
90 (p = 0.11).  When normalizing these changes to the maximal % of physiological 
change, acutely the WA at 15 seconds was -1.6%, 30 seconds was -1.8%, 45 seconds was 
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-2.0% and at 60 seconds was -1.7%.  Considering the WL there were no significant 
differences in O2Hb between BASE and seconds 15, 30, 45, 60, 75, or 90 (p ≥ 0.17 for all 
comparisons).  Regarding the VML there were significant decreases in O2Hb from BASE 
to seconds 15, 30, 45, 60, 75 and 90 (p ≤ 0.02 for all comparisons).  For the VML, at 15 
seconds was -1.5%, 30 seconds was -1.7%, 45 seconds was -1.8%, 60 seconds was -
2.3%, 75 seconds was -2.4%, and 90 seconds was -2.4%.  As for the chronic O2Hb 
response there was no main effect of limb (p = 0.61) but there was a main effect of time 
(p < 0.001).  There was no limb x time interaction (p = 0.75).  Subsequent 1-way 
ANOVA for the WA indicated there was a significant decrease in O2Hb from BASE to 
minute 1 (p = 0.01), but no significant differences from BASE to minutes 2 (p = 0.10), 3 
(p = 0.35), 4 (p = 0.45), or 5 (p = 0.22).  Considering the WL there were no significant 
differences in O2Hb from BASE to minutes 1, 2, 3, 4, or 5 (p ≥ 0.36 for all comparisons).   
Regarding the VML, there were significant decreases in O2Hb from BASE to minutes 1 
(p = 0.006) and 2 (p = 0.009), but no significant differences between BASE and minutes 
3 (p = 0.06), 4 (p = 0.07), or 5 (p = 0.06).  Chronically, the WA and VML at 1 minute 
were -1.8% and the VML at minute 2 was -1.9%. 
Considering the acute response in deO2Hb there was no main effect of limb (p = 
0.97) but there was a main effect of time (p = 0.008) (Figure 15).  There was no limb x 
time interaction (p = 0.27).  Subsequent 1-way ANOVA for the WA indicated there was a 
significant decrease in deO2Hb from BASE to 15 seconds (p = 0.03) but no significant 
differences in deO2Hb from BASE to seconds 30, 45, 60, 75, or 90 (p ≥ 0.28 for all 
comparisons).  There were no significant differences in WL deO2Hb from BASE to 
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seconds 15, 30, 45, 60, 75, or 90 (p ≥ 0.8 for all comparisons).  There were no significant 
differences in VML deO2Hb from BASE to seconds 15, 30, 45, 60 or 75 (p ≥ 0.05 for all 
comparisons), however there was a significant decrease from BASE at 90 seconds (p = 
0.05).  When normalizing these changes to the maximal % of physiological change, 
acutely the WA at 15 seconds was -2.1% and the VML at 90 seconds was 4.0%.  
Considering deO2Hb chronically, there was no main effect of limb (p = 0.86), time (p = 
0.11) or limb x time interaction (p = 0.55) (Figure 16).  There were no significant 
differences in WA deO2Hb from BASE to minutes 1, 2, 3, 4 or 5 (p ≥ 0.2 for all 
comparisons).  Similarly, there were no significant differences in WL deO2Hb from 
BASE to minutes 1, 2, 3, 4 or 5 (p ≥ 0.74 for all comparisons).  VML deO2Hb was 
significantly greater than BASE at minute 4 (p = 0.04), but there were no differences in 
deO2Hb from BASE to minutes 1, 2, 3 or 5 (p ≥ 0.07 for all comparisons).  
Considering tHb acutely, there was no main effect of limb (p = 0.84), but there 
was a main effect of time (p = 0.02) (Figure 17).  There was no limb x time interaction (p 
= 0.41).  Subsequent 1-way ANOVAs for the WA and VML indicated there were 
significant decreases in tHb from BASE to seconds 15 and 30 (p ≤ 0.05 for both 
comparisons), but no significant differences in tHb from BASE to seconds 45, 60, 75, or 
90.  There were no significant differences in WL tHb from BASE to seconds 15, 30, 45, 
60, 75, or 90 (p ≥ 0.52 for all comparisons).  Chronically, there was no main effect of 
limb (p = 0.90), time (p = 0.21) or limb x time interaction (p = 0.80) on tHb.  Subsequent 
1-way ANOVA for the WA indicated that there was a significant decrease in tHb from 
BASE to 1 minute (p = 0.03), but there were no differences from BASE to minutes 2, 3, 
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4, or 5.  For both the WL and VML, there were no differences in tHb from BASE to 
minutes 1, 2, 3, 4 or 5.  
The acute TSI analysis revealed no main effect of limb (p = 0.79), time (p = 0.14) 
or limb x time interaction (p = 0.99) (Figure 19).  Chronically there was also no main 
effect of limb (p = 0.49), time (p = 0.47) or limb x time interaction (p = 0.82) (Figure 20).  
Discussion 
The purpose of this investigation was to utilize negative pressure to determine if 
the cardiovascular responses to hemorrhaging depend on the location of the hemorrhage.  
Specifically, this study compared the cardiovascular responses to negative pressure 
stimulation of the whole arm (WA), whole leg (WL), and a portion of the leg that was 
volume matched to the arm (VML).  The primary finding of this study was that, despite 
the magnitude of physiological changes being smaller than expected, there were minimal 
differences between the peripheral responses to -60 mmHg pressure stimulation of the 
WA, WL, and VML.  This suggests that no differences exist between the physiological 
responses to upper and lower body negative pressure and that the cardiovascular response 
to hemorrhaging may not depend upon the location of the hemorrhage.   
Central Responses 
The data from this investigation indicate that central cardiovascular changes (i.e. 
HR, SV and MAP) did not differ when negative pressure was applied to the arm or leg.  
Specifically, there was a minor decrease in HR for the WA at 30 seconds (-2.8%), but no 
differences in HR from BASE for either the WL or VML.  Furthermore, based on the 
analysis on the chronic data, there were no changes in HR that persisted throughout the 5 
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minute negative pressure stimulation for WA, WL or VML.  The HR responses of the 
present study were unexpected as HR is presumed to increase during LBNP exposure 
(Convertino et al., 2004) as arterial pressure is maintained through sympathoexcitation 
which increases peripheral vascular resistance and HR (W. H. Cooke et al., 2004).  
Furthermore, a greater HR response was expected for the WL compared to the WA and 
VML.  Previous studies have shown that just slightly more tissue volume being exposed 
during LBNP significantly increases the HR response (Goswami et al., 2009).  The lack 
of HR response in this investigation was likely due to not enough tissue volume being 
exposed to negative pressure.  In addition to the lack of HR response, during both acute 
and chronic negative pressure exposure stroke volume (SV) was not different between the 
WA, WL and VML across all time points. 
Initial analysis indicated MAP was greater in the WL compared to the WA and 
VML across all time points.  However the %∆ in MAP from BASE was only greater in 
the WA compared to the WL at seconds 60 and 75 and greater in the WA than the VML 
at 60 seconds.  No other differences in MAP between the WA, WL, and VML during 
both acute and chronic negative pressure exposure existed.  Numerous studies have 
reported a decrease in blood pressure during LBNP (W. H. Cooke et al., 2004; Goswami 
et al., 2009; Hachiya et al., 2012).  For example LBNP of -40 mmHg significantly 
decreased systolic arterial pressure in healthy human participants (Furlan et al., 2001), 
and greater levels of LBNP decrease MAP sometimes to the point of presyncope (Brown 
et al., 2003).  However, in the present study there were no significant decreases in MAP 
from BASE when negative pressure was applied to the WA, WL, or VML.  Interestingly, 
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during negative pressure exposure MAP tended to decrease in the WL and VML and 
increase in the WA.  Although not significant, this could possibly indicate some sort of 
proximity influence in the WA relative to the WL and VML.  The lack of central 
responses indicates that -60mmHg was likely not a strong enough stimulus considering 
the reduced limb volumes utilized in this study.  Compared to other LBNP studies which 
expose both legs to negative pressure, the present study exposed just one limb at any 
given time.  
In addition to HR, SV and MAP, HR variability was also assessed during each 
condition.  There were increases in LF power from BASE for all the limbs which 
suggests an increase in sympathetic activation during negative pressure stimulation 
regardless of the location on the body (Shafiq et al., 2014).  It is possible that the lack of 
central responses, despite the presence of sympathoexcitation, could be explained by a 
quicker acting peripheral response that was sufficient enough to maintain stable central 
variables.    
Peripheral Responses 
For all limbs there were reductions in DIAM during negative pressure stimulation. 
For the WA, both acutely and chronically, DIAM was significantly reduced from BASE 
across all time points.  For the WL and VML, acutely and chronically, there were also 
reductions in DIAM at various time points.  For the WA the reduction in DIAM persisted 
the longest, and at 5 minutes of negative pressure stimulation DIAM was still -2.1% less 
than BASE.  This may indicate there was a greater magnitude, longer lasting 
vasoconstrictor response in the brachial artery during negative pressure stimulation of the 
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upper body (WA) than the lower body (WL and VML).  Recent evidence suggests that 
differences may exist between forearm and calf sympathetic vasoconstrictor responses 
(Hachiya et al., 2012), thus a difference in vasoconstriction during upper and lower body 
negative pressure is plausible.  
Following the onset of negative pressure there was also a decrease in BBF for the 
majority of the acute time points for all limbs.  During the first 15 seconds of negative 
pressure exposure BBF in the WA decreased slightly greater in magnitude than in the 
VML.  It is possible that this difference was due to the WA being in closer proximity to 
carotid baroreceptors, as it has been previously documented that even small changes in 
seal location during LBNP yield different physiological responses during LBNP 
(Goswami et al., 2009).  This effect did not remain, as there was not a difference between 
WA and VML at 30 seconds.  Chronically, the decrease in BBF persisted longer for the 
WL as BBF was reduced during all chronic time points for the WL, but not the WA or 
VML. In contrast, DIAM seemed to be mostly influenced during the WA whereas BBF 
seemed to be mostly influenced during the WL.  Brachial blood flow is influenced by 
both DIAM and MAP.  Although the changes in MAP were not significant, they may 
have been enough during the WL to influence BBF.  
Similar to BBF, in the present study for the WA and VML there were significant 
decreases in O2Hb and tHb from BASE during acute negative pressure stimulation, but 
these decreases were not long lasting and returned to BASE following 1-2 minutes of 
negative pressure exposure.  In contrast, for the WL, there were no differences in O2Hb 
or tHb from BASE.  For all limbs, deoxygenated hemoglobin did not decrease during 
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negative pressure stimulation.  Chronically, there were minimal changes in forearm 
muscle oxygenation during negative pressure stimulation.  This was not expected as 
previous LBNP studies using near-infrared spectroscopy have reported significant 
vasoconstrictor responses as indicated by changes in muscle oxygenation (Hachiya et al., 
2008).  During LBNP forearm oxygenated (O2Hb) and total hemoglobin (tHb) tend to 
decrease (Hachiya et al., 2008) and have been previously demonstrated to be highly 
correlated with blood flow changes measured by Doppler velocimetry (Fadel, Keller, 
Watanabe, Raven, & Thomas, 2004). 
This study was novel in that it was the first to compare the cardiovascular 
responses between UBNP and LBNP as a model to determine if differences exist in the 
cardiovascular responses of upper body hemorrhaging and lower body hemorrhaging.  In 
2008, data from several previous studies were combined to develop guidelines for 
accurately predicting and reproducing certain physiological responses to LBNP 
(Goswami et al., 2008).  For example, LBNP application of -10 to -30 mmHg has been 
reported to unload cardiopulmonary baroreceptors, alter splanchnic blood flow and 
influence leg interstitial fluid pressure (Aratow, Fortney, Watenpaugh, Crenshaw, & 
Hargens, 1993), while greater negative pressures such as -50 to -60 mmHg have been 
shown to further reduce splanchnic blood flow (Escourrou, Raffestin, Papelier, Pussard, 
& Rowell, 1993), double forearm muscle sympathetic nerve activity (MSNA) 
(Tschakovsky & Hughson, 2003) and reduce central venous pressure (Wolthuis et al., 
1974).  In the present study, these guidelines were used to select the intensities of the 
negative pressure to be applied to the limbs (-30 mmHg and -60 mmHg) (Goswami et al., 
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2008).  Unfortunately, when applied to just one limb 30 mmHg of negative pressure 
appeared to be too weak of a stimulus to elicit central and peripheral adaptations. 
Although -60 mmHg did produce some cardiovascular changes in the limbs, because of 
the small amount of tissue volume exposed to the negative pressure the magnitude of 
these responses was quite small compared to previous reports that utilize both lower 
limbs.  These results were a surprise as a power analysis performed on pilot data (N = 3) 
indicated that only 10 participants would suffice to show significant changes in central 
and peripheral cardiovascular variables.  In addition to tissue volume, responses to LBNP 
can also be influenced by clothing, body position and sealing mechanism (Goswami et 
al., 2008; Hachiya et al., 2012), and one or more of these factors could have contributed 
as to why no responses to negative pressure were not observed.  
This study is not without limitations.  First, due to complications with sealing the 
box around participant’s limbs, the order in which participant’s limbs were exposed to the 
negative pressure always remained the same (i.e. WA, VML, WL).  It is possible that the 
time in between exposing each limb to negative pressure was not enough and carryover 
effects from the previous limbs had influence.  Next, exposing one limb to 5 minutes of -
60 mmHg was likely not enough tissue volume to elicit a cardiovascular response.  
However, several participants indicated that 5 minutes of -60 mmHg was almost past 
their point of discomfort tolerance.  Lastly, a greater familiarization time for participants 
to experience the effects of the negative pressure box would also have reduced the startle 
effect and may have minimized any anxiety that could have offset the expected 
physiological changes. 
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In summary there were minimal differences found between the cardiovascular 
responses to negative pressure stimulation of the WA, WL, and VML.  This suggests that 
no differences exist between the physiological responses to upper and lower body 
negative pressure and that the cardiovascular response to hemorrhaging may not depend 
upon the location of the hemorrhage.  Future research will utilize higher negative 
pressures may help further elucidate this question. 
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CHAPTER V 
THE INFLUENCE OF GENDER ON FUNCTIONAL SYMPATHOLYSIS 
Introduction 
Proper redistribution of blood flow both at rest and during exercise is of 
paramount importance to prevent incidence of orthostatic intolerance.  Exercise is a 
potent stimulus to activate the sympathetic nervous system (Vongpatanasin et al., 2011), 
and the majority of cardiovascular and hemodynamic responses to exercise are derived 
through a combination of central command (Raven, 2012), the exercise pressor reflex 
(Alam & Smirk, 1937), and the arterial baroreflex (Raven et al., 1997).  During exercise 
these three systems contribute towards sympathetic vasoconstriction in many vascular 
beds, including the viscera and inactive and active skeletal muscle (Vongpatanasin et al., 
2011).  In a healthy individual, this vasoconstriction is attenuated (i.e. functional 
sympatholysis) in vascular beds of the exercising muscle by local changes in muscle 
metabolites (Clifford & Hellsten, 2004), adrenergic G protein-coupled receptor 
attenuation (Buckwalter et al., 2001), P2x adinoreceptor attenuation (Buckwalter et al., 
2003; Buckwalter et al., 2004), endothelial nitric oxide release as a result of shear stress 
(Buckwalter & Clifford, 2001; Buckwalter et al., 2001), and other substances that reduce 
vascular responsiveness to alpha-adrenergic receptor activation (Thomas, 2014).  This 
tug-of-war between sympathetic vasoconstriction and local intrinsic vasodilation, allows 
for the perfusion of active skeletal muscle during exercise (Buckwalter & Clifford, 2001; 
Buckwalter et al., 2001) while maintaining appropriate blood pressure.  
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Previous reports suggest there are gender-specific differences in either the level of 
muscle sympathetic nervous activity (MSNA) or its influence on central and peripheral 
vascular responses (Hogarth et al., 2007) which may be responsible for females’ reduced 
tolerance to LBNP (Convertino, 1998; Hachiya et al., 2012; Kelly et al., 2004; 
Montgomery et al., 1977; Waters, Ziegler, & Meck, 2002; White et al., 1996).  
Specifically females have reduced sympathetic vasoconstriction in response to LBNP 
(Hachiya et al., 2012) and greater increases in heart rate compared to males during 
controlled sympathetic stimuli (Frey et al., 1986; Hachiya et al., 2012; Shoemaker et al., 
2001; White et al., 1996).  Although the mechanisms behind these gender differences are 
not completely understood (Shoemaker et al., 2001), they are possibly related to 
differences in cardiac filling, adrenergic responses (Kelly et al., 2004),  the metaboreflex 
(Ettinger et al., 1996), estrogen and progesterone (Carter & Lawrence, 2007), 
sympathetic baroreflex reactivity or the baroreflex latency period (Goswami et al., 2008).  
In addition, under a similar level of orthostatic stress, women respond primarily with 
vagal withdrawal while men show greater sympathetic activity (Foux et al., 1976; Frey et 
al., 1986).  Thus it is possible that females experience greater increases in heart rate in 
compensation for having an impaired vasoconstrictor response (Hachiya et al., 2012). 
Gender differences in the response to sympathetic stimulation would likely 
influence blood flow to active muscles during exercise.  Specifically, a reduced 
sympathetic vasoconstrictor response in females may allow them to achieve greater local 
skeletal muscle blood flow during exercise compared to males (Fadel & Raven, 2012; 
Gallagher et al., 2006; Kaufman, 2012; Matsukawa, 2012; Raven, 2012).  Although this 
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may benefit the work capacity of the active muscle it could also predispose women to 
experience an increased level of post exercise hypotension and risk of syncope.  To our 
knowledge no studies have yet quantified the influence of gender on functional 
sympatholysis, thus gender specific vascular responses require further attention.  
Therefore, the purpose of this investigation was to better understand gender differences 
related to the global vasoconstrictor response to sympathetic stimulation (i.e., LBNP) and 
to determine if these differences influence active muscle blood flow.  We hypothesized 
that females would exhibit a reduced sympathetic vasoconstrictor response in the 
rhythmically contracting forearm muscle compared to males.  In combination with local 
vasodilation through functional sympatholysis, this would allow them to better maintain 
blood flow in the active muscle. 
Methods 
Participants visited the Kent State University exercise science laboratory in the 
morning on one occasion in a fasted state.  Participants were instructed to refrain from 
exercise and caffeine 24 hours prior to their arrival.  Upon their arrival participants were 
asked to lie in a resting supine position and they remained in that position for the 
remainder of the protocol.  Participants first performed a maximal voluntary contraction 
(MVC) using their right hand with a handgrip dynamometer (AD Instruments, Colorado 
Springs, CO).  Participants then performed 3 stages of incrementally increasing handgrip 
exercise (3 minutes of 15%, 30%, and 45% MVC) with 1 minute of recovery following 
each stage.  Following a 20 minute recovery, this protocol was repeated with continuous 
application of -30 mmHg LBNP distal to the iliac crest to unload cardiopulmonary and 
49 
 
 
aortic baroreceptors (Goswami et al., 2008) (Figure 21).  A metronome was used to 
maintain a squeeze cadence of 1 squeeze per second and real time visual feedback from 
the dynamometer regarding contraction intensity was provided to participants through a 
32” LCD television mounted in front of them on the wall. 
Central Cardiovascular Variables 
Heart rate (HR) was continuously recorded by electrocardiography (AD 
Instruments, Colorado Springs, CO), and beat-by-beat mean arterial pressure (MAP), and 
stroke volume (SV) were measured through noninvasive finger-cuff assessment (Nexfin, 
Edwards Lifesciences, Irvine, USA).  Ventilatory frequency and depth were monitored 
using a ventilatory strap (Pneumotrace, ADInstruments, Colorado Springs, CO) and 
participants were encouraged to remain relaxed throughout the entire protocol.  Heart rate 
variability was calculated through a spectral analysis (AD Instruments, Colorado Springs, 
CO) which has been widely used to explain the contribution of the sympathetic and 
parasympathetic divisions of the nervous system (Billman, 2011).  Heart rate variability 
was calculated through a spectral analysis with the low frequency (LF) band range 
defined as 0.04 – 0.15 and the high frequency (HF) band range defined as 0.15 – 0.45 
(Billman, 2011; Budgell & Hirano, 2001; Fouad et al., 1984; Katona & Jih, 1975; Roy et 
al., 2009; Shafiq et al., 2014). 
Peripheral Hemodynamics 
Brachial blood flow (BBF) was measured in participant’s right arm using a GE 
logic 7 Doppler ultrasound system (Milwaukee, WI).  Image capturing and vessel 
diameter analysis software were used to record and measure end-diastole brachial artery 
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vessel diameter (DIAM).  Blood velocity was acquired with a probe insonation angle of 
60 degrees.  In addition, near-infrared spectroscopy (Oxymon Mk III, Artinis Medical 
Systems, The Netherlands) was used to measured changes in right forearm tissue 
concentrations of oxygenated hemoglobin (HbO2), de-oxygenated hemoglobin (deHbO2), 
total hemoglobin (tHb), and tissue saturation index (TSI). 
Negative Pressure Chamber 
Our LBNP chamber was custom designed.  The floor and walls are constructed 
from ½ inch plywood and the top is removable ½ inch clear acrylic.  The waist hole is 
oval shaped and sealed with 2 separate nylon kayak skirts to ensure no leaking.  Negative 
pressure was monitored using a manometer (Sper Scientific, Scottsdale, AZ) and was 
produced through a vacuum cleaning system (Beam, Peoria, IL).  The negative pressure 
was adjusted through a variable autotransformer (Staco Energy Products, Miamisburg, 
OH). 
Statistical Analysis 
 A three way ANOVA (pressure x intensity x gender) was used to assess 
differences between LBNP, handgrip intensity and gender.  For any significant main 
effects of pressure, gender, pressure x gender interactions or intensity x gender 
interactions, post hoc two-way ANOVAs and subsequent paired samples t-tests were 
performed to determine specifically where those differences exist.  Post hoc analysis on 
intensity itself was not performed as the primary focus of this study is on gender 
differences, and the effect of exercise intensity is well established for all variables being 
measured.  HRV was smoothed using a natural log transform.  A three way ANOVA 
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(pressure x frequency x gender) was performed using LF and HF HRV data and for any 
significant main effects of pressure, gender, pressure x gender interactions or frequency x 
gender interactions, post hoc two-way ANOVAs and subsequent paired samples t-tests 
were performed to determine specifically where those differences exist.  To control for 
type I error, Bonferroni alpha corrections were utilized for all post hoc comparisons.  For 
all comparisons alpha was set at 0.05. 
Results 
Ten males and ten females with no significant differences in physical activity 
level (quantified via Godin Leisure Time Questionnaire) (males 63.8 ± 7.7 AU, females 
70.1 ± 6.6 AU; p = 0.54), age (males 25.5 ± 1.1 years, females 23.2 ± 1.1 years; p = 0.16) 
and height (males 171.7 ± 6.0 cm, females 162.6 ± 3.1 cm; p = 0.2) were recruited for 
this investigation.  Overall the males weighed more (males: 81.4 ± 5.2 kg, females: 64.4 
± 2.8 kg; p = 0.01) than the females.  This number of participants was based on a power 
analysis of pilot data and selected to achieve power of 0.8.  All participants were non-
smoking, normotensive, free of orthopedic injuries, diabetes mellitus, neurological 
disorders, autonomic disorders, syncope related issues, symptoms suggesting orthostatic 
intolerance (i.e., vasovagal syncope, vertigo, POTS, etc.), cardiovascular disease or any 
other contraindications to physical activity as assessed by questionnaire.  Furthermore 
participants were not taking any medications or supplements that influence the autonomic 
nervous system or blood pressure.  
Central Cardiovascular Variables 
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When examining the effects of HR, there was a pressure x intensity x gender 
interaction (p = 0.04), a main effect of pressure (p = 0.002) and a main effect of intensity 
(p < 0.001).  Post hoc two way (pressure x intensity) ANOVAs revealed a main effect of 
intensity (p < 0.001) and a main effect of pressure (p = 0.02) in the males, and a main 
effect of intensity (p < 0.001) but no main effect of pressure (p = 0.08) in the females.  
Post hoc paired samples t-tests showed that at rest and during every stage of exercise the 
negative pressure significantly increased HR in the males (p ≥ 0.01) (Figure 22).  
Regarding SV, there was a main effect of pressure (p = 0.004) and a main effect 
of gender (p = 0.04).  There was no main effect of intensity (p = 0.53), pressure x gender 
interaction (p = 0.11), intensity x gender interaction (p = 0.92), pressure x intensity 
interaction (p = 0.08) or pressure x intensity x gender interaction (p = 0.9).  For both 
males and females, SV was greater during no negative pressure exposure (98.2 ± 3.8 
ml/beat) than during negative pressure exposure (84.3 ± 4.0 ml/beat).  Overall, females 
(83.6 ± 4.4 ml/beat) had significantly reduced SV than males (98.9 ± 4.7 ml/beat) (p = 
0.03) (Figure 23). 
There was a main effect of intensity (p < 0.001) on MAP such that MAP 
increased across intensity for both males and females.  There was also a pressure x 
intensity interaction (p = 0.02), such that MAP did not increase as much across intensity 
in the presence of negative pressure (Figure 24).  There was no main effect of pressure (p 
= 0.16), main effect of gender (p = 0.46), pressure x gender (p = 0.26), intensity x gender 
(p = 0.62), or pressure x intensity x gender (p = 0.1) interactions.   
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Regarding HRV, there was no main effect of pressure, frequency, or gender (p ≥ 
0.15).  There was also no pressure x gender, frequency x gender, pressure x frequency, or 
pressure x frequency x gender interactions (p ≥ 0.12) (Figure 25).  
Peripheral Hemodynamics 
Regarding the DIAM response, there was a main effect of intensity (p < 0.001) 
such that DIAM increased across all intensities for males and females, as well as a main 
effect of gender (p < 0.001) such that females had a reduced DIAM compared to males at 
rest and every stage of exercise (Figure 26).  There was no main effect of pressure, 
pressure x gender, intensity x gender, pressure x intensity, or pressure x intensity x 
gender interactions (p ≥ 0.07 for all comparisons). 
Regarding the BBF response, there was a main effect of gender (p = 0.001), 
intensity (p < 0.001) and a gender x intensity interaction (p < 0.001) (Figure 27).  
Specifically, females had overall reduced BBF compared to males, which increased less 
as exercise intensity increased compared to the males.  There was no main effect of 
pressure, pressure x gender, pressure x intensity, or pressure x intensity x gender 
interactions (p ≥ 0.14 for all comparisons). 
Muscle Oxygenation 
Regarding the O2Hb response, there was a main effect of intensity (p < 0.001) 
such that oxygenated hemoglobin decreased as intensity increased (Figure 28).  There 
were no main effects of pressure or gender, as well as no pressure x gender, intensity x 
gender, pressure x intensity, or pressure x intensity x gender interactions (p ≥ 0.28 for all 
comparisons). 
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Regarding the deO2Hb response, there was a main effect of intensity (p < 0.001) 
such that deoxygenated hemoglobin increased with exercise intensity (Figure 29).  There 
were no main effects of pressure or gender, as well as no pressure x gender, intensity x 
gender, pressure x intensity, or pressure x intensity x gender interactions (p ≥ 0.66 for all 
comparisons). 
There was also a main effect of intensity (p < 0.001) on total hemoglobin (Figure 
30) such that total hemoglobin increased with exercise intensity.  There were no main 
effects of pressure or gender, as well as no pressure x gender, intensity x gender, pressure 
x intensity, or pressure x intensity x gender interactions (p ≥ 0.44 for all comparisons). 
Finally, considering the TSI response, there was a main effect of intensity (p < 
0.001) but there was no main effect of pressure (p = 0.49) or gender (p = 0.97) (Figure 
31).  There were also no pressure x gender (p = 0.88), intensity x gender (p = 0.33), 
pressure x intensity (p = 0.34) or pressure x intensity x gender interactions (p = 0.34).  
Discussion 
 The purpose of this investigation was to determine if gender influences the global 
vasoconstrictor response to sympathetic stimulation (i.e., LBNP) and to determine if 
these differences influence resting and active muscle blood flow.  Unfortunately, in the 
present study which utilized LBNP of 30mmHg, minimal vasoconstriction was observed 
at rest and during exercise for both males and females.  Additionally, cardiovascular 
responses to LBNP were very similar between males and females at rest and during 
exercise in that we did not observe any gender x pressure or gender x intensity 
interactions, with the exception of HR.  These results were unexpected and follow up 
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investigations utilizing more control and modified methodologies (e.g. control menstrual 
phase or greater LBNP magnitude) may help further elucidate gender differences in 
response to sympathetic stimuli.   
Central Cardiovascular Responses 
 HR increased with exercise intensity the same for both males and females.  
However, the effect of negative pressure on HR was greater for males than females.   
Specifically, in the males HR was greater during negative pressure at rest and during 
exercise at all intensities (p < 0.001 for all comparisons).  This elevated HR during 
negative pressure was expected as it has been established for quite some time that 
humans experience a compensatory HR increase in response to LBNP (Wolthuis et al., 
1974).  Contrast to males, females experienced no significant LBNP-induced HR 
increases at rest or during exercise.  Although it is well known that females tend to have a 
greater resting HR than males (Gillum, 1988) there have been inconsistent findings 
regarding the influence gender has on HR response to equal levels of sympathetic stress.  
Our results are inconsistent with previous investigations reporting that females 
experience a greater HR response than males (Fu et al., 2004; Shoemaker et al., 2001) 
and other reports indicating HR responses are the same between genders (Hachiya et al., 
2008; Kelly et al., 2004; Rahman et al., 1991).  However, our results are consistent with 
other studies that have concluded females experience less responsiveness in mechanisms 
that underlie blood pressure regulation and subsequently greater orthostatic intolerance, 
as indicated by reduced HR responses to carotid baroreceptor unloading (Convertino, 
1998).  
56 
 
 
The effects of LBNP on SV was similar between the males and females, which is 
in agreement with previous investigations that have reported LBNP to have equal effects 
on SV in men and women (Hachiya et al., 2012).  Overall females had lower SV than 
males which was anticipated and was likely due to gender related physiological or 
anatomical differences, such as males being larger in stature than females.  In both males 
and females SV was lower during LBNP than no negative pressure during rest and 
exercise, which was also expected as LBNP redistributes blood from the thorax to the 
lower body and reduces SV (Convertino et al., 2004).  Negative pressure also reduced 
MAP at rest and during exercise, however this reduction was again consistent between 
the males and females and likely resulted from venous blood being pooling in the lower 
limbs (J. J. Smith, 1990; Wolthuis et al., 1974).  
Autonomic Function 
There were no gender differences in LF power and HF power at rest or in 
response to negative pressure stimulation.  Although numerically negative pressure 
stimulation increased LF power and decreased HF power, these changes were not 
significant.  These results were unexpected, as -5 mmHg LBNP has been shown to elicit 
a 92% increase in muscle sympathetic nerve activity (Scherrer, Vissing, & Victor, 1988).  
Thus we would have expected -30 mmHg LBNP to elicit a much greater increase in 
sympathetic and decrease in parasympathetic activity.  Our results support previous 
investigations suggesting the cardiovascular responses to LBNP are not related to major 
differences in the modulation of the autonomic nervous system (Franke et al., 2000).  
Peripheral Responses 
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 Overall brachial artery diameter (DIAM) was greater in the males than the 
females, and it increased during exercise equally in males and females.  Unfortunately in 
both males and females we did not observe any significant decreases in DIAM at rest or 
during exercise in the presence of negative pressure.  This was unexpected as previous 
reports have indicated that part of the sympathetic response to lower body negative 
pressure is global vasoconstriction in order to help redistribute blood and maintain blood 
pressure.  For example, in LBNP studies which used vascular resistance as an index of 
vasoconstriction, mild magnitudes of LBNP (i.e. -10 mmHg) for just a short duration 
have been reported to elicit significant peripheral vasoconstriction in both upper 
(Wolthuis et al., 1974) and lower (Johnson, Rowell, Niederberger, & Eisman, 1974) 
limbs.  Other investigations have observed vasoconstriction responses after 3 minutes of 
continuous -10 mmHg LBNP, which remained throughout 20 minutes of continuous -10 
mmHg LBNP (Mohanty et al., 1988).  Furthermore, near maximal vasoconstrictor 
responses have been reported to occur following just 3 minutes of -30 mmHg LBNP 
(Mohanty et al., 1988).  Studies have also shown that -20 mmHg LBNP decreases 
brachial artery diameter and brachial artery flow (Anderson & Mark, 1989) and a more 
recent investigation utilizing LBNP of -20 mmHg and -30 mmHg was able to 
successfully elicit vasoconstriction and document differences in functional sympatholysis 
during handgrip exercise between normotensive and hypertensive individuals 
(Vongpatanasin et al., 2011). 
Brachial blood flow (BBF) was similar between males and females at rest, and 
increased from baseline during 15%, 30% and 45% MVC in both males and females.  
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However, during the higher intensity exercises BBF increased to a greater extent in the 
males than females during exercise.  This was because the absolute handgrip force 
produced by the males was great than females.  Similar to brachial diameter, BBF was 
not influenced by the negative pressure.  This was unexpected as -20 mmHg LBNP has 
been shown to decrease brachial diameter and brachial blood flow (Anderson & Mark, 
1989).  Forearm oxygenation measurements using near-infrared spectroscopy (NIRS) 
have been highly correlated with blood flow changes measured with Doppler velocimetry 
during LBNP (Fadel et al., 2004), and because negative pressure did not have a major 
influence on either vessel diameter or blood flow, it is understandable that forearm 
oxygenated hemoglobin (O2Hb), deoxygenated hemoglobin (deO2Hb), total hemoglobin 
(tHb), and tissue saturation index (TSI) were also not influenced by the negative pressure.  
However, these results were also unexpected as the NIRS has been previously shown to 
accurately provide an index of vasoconstriction during LBNP (Hachiya et al., 2008) and 
investigations have detected changes in forearm and calf O2Hb during -20 mmHg LBNP 
(Hachiya et al., 2012).  
Together DIAM, BBF, and NIRS data indicated minimal vasoconstriction was 
occurring in the forearm as a result of -30 mmHg LBNP.  This was surprising as LBNP < 
-20 mmHg affects cardiopulmonary and possibly arterial baroreceptors (Pannier, Slama, 
London, Safar, & Cuche, 1995), and has been previously reported to induce forearm 
vascular resistance changes (van den Berg et al., 2003), peripheral vasoconstriction (W. 
H. Cooke et al., 2004) and reduced forearm blood flow (Hirsch, Levenson, Cutler, Dzau, 
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& Creager, 1989).  In fact our pilot data (N = 3) indicated that only 10 participants would 
be required to obtain a significant reduction in BBF during negative pressure. 
 Compelling evidence suggests females are less tolerant and more susceptible to an 
earlier onset of syncope under orthostatic stress compared to males (Convertino, 1998; 
Goswami et al., 2008; Hachiya et al., 2012; Montgomery et al., 1977; White et al., 1996).  
To our knowledge no studies have yet quantified the influence of gender on functional 
sympatholysis, thus gender specific vascular responses require further attention.  The 
primary objective of this investigation was to better understand gender differences related 
to the global vasoconstrictor and cardiovascular responses to sympathetic stimulation.  
We hypothesized that females, compared to males, would exhibit a reduced sympathetic 
vasoconstrictor response in the rhythmically contracting forearm muscle, and in 
combination with local vasodilation through functional sympatholysis this would allow 
them to better maintain blood flow in the active muscle.  The results of this investigation 
indicate that -30 mmHg LBNP may not be a reliable method of detecting gender 
differences in sympathetic vasoconstriction in young, healthy participants.  In the present 
study males and females both experienced negligible vasoconstriction in response to -
30mmHg at rest and during exercise as indicated by lack of change in brachial artery 
blood flow, diameter, and forearm muscle oxygenation.  This lack of responses was 
highly unexpected because the tone of large peripheral arteries in humans is known to 
respond to changes in blood flow and participate in peripheral vascular responses to 
reflex stimuli (Anderson & Mark, 1989) such as LBNP.  Furthermore, much lower 
magnitudes of negative pressure have previously been documented to elicit observable 
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responses (Goswami et al., 2008).  A greater magnitude of negative pressure or a longer 
duration of negative pressure exposure may have promoted greater cardiovascular and 
peripheral effects.  However, similar investigations utilizing near identical methodology 
as the present study, as well as the same central and peripheral variables in order to 
quantify functional sympatholysis, concluded that functional sympatholysis is impaired in 
hypertensive individuals compared to healthy controls (Vongpatanasin et al., 2011).  In 
the present study, there were no trends remotely comparable in any cardiovascular or 
peripheral variables that would suggest gender differences are present in functional 
sympatholysis.  
 This study is not without limitations.  A certain limitation to our protocol was the 
absence of a direct measurement of sympathetic activity.  A reliable method of assessing 
sympathetic activity is muscle sympathetic nerve activity (MSNA).  LBNP at -20 mmHg 
unloads the cardiopulmonary baroreceptors and evokes reproducible increases in MSNA 
(Hansen, Thomas, Harris, Parsons, & Victor, 1996).  Including MSNA provides a more 
direct measurement of sympathoexcitation and further ensure increases in sympathetic 
activity occurred during LBNP.  In the present study, MSNA would have been 
particularly useful in helping diagnose why there was no vasoconstriction observed.  
Furthermore, in addition to having a lower vasoconstrictor response in the periphery, 
women have also been reported to have lower central sympathetic neural output going to 
the periphery (Hogarth et al., 2007).  Including MSNA with HRV would allow for a 
greater partitioning of sympathetic activity, parasympathetic activity and 
vasoconstriction.  A second limitation could have been the handgrip protocol that was 
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used.  Dynamic handgrip exercise such as in the present study only engages the small 
muscle mass of the forearm.  It is therefore unknown as to whether responses observed 
are applicable to the responses of larger muscle groups.  However, previous 
investigations have shown that functional sympatholysis is present in normotensive 
human thigh muscle during dynamic exercise (Wray, Fadel, Smith, Raven, & Sander, 
2004), thus vasoconstrictor responses associated with functional sympatholysis occurring 
in the forearm muscle likely occur in a similar fashion in other, larger muscle groups 
(Vongpatanasin et al., 2011).  Some studies have shown that menstrual cycle phase (i.e. 
follicular phase, midluteal phase) influences vascular function and blood pressure 
regulation (Moldovanova et al., 2008).  However, others have found that microvascular 
function does not demonstrate a clear menstrual-cycle-dependent variation (Ketel et al., 
2009), therefore we did not control for what phase of the menstrual cycle females 
participants were currently in and all females were not currently taking birth control.  
Responses to LBNP can also be influenced by fitness level (Goswami et al., 2008) and in 
the present study this was estimated using a Godin Leisure Time Questionnaire.  
Although this has been a validated technique (Godin, Jobin, & Bouillon, 1986) a more 
direct measurement of fitness level such as a max cardiorespiratory fitness test (VO2 
max) would have further ensured fitness level did not skew results.  To prevent nausea, 
participants were allowed to drink water, and fluid levels have been shown to affect 
LBNP responses (Buckwalter et al., 2001).  Lastly, some studies have controlled skin 
temperature to eliminate any possible cutaneous vasoconstriction due to the cooling 
effect of air flowing through the suction box (Johnson et al., 1974).  Skin temperature 
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was not quantified in the present study thus it is possible that the cooling effect of 
flowing air may have influenced vasoconstriction (Johnson et al., 1974).  
 The purpose of this investigation was to better understand gender differences in 
the global vasoconstrictor response to sympathetic stimulation (i.e., LBNP) and to 
determine if these differences influence resting and active muscle blood flow.  Minimal 
insignificant vasoconstriction and cardiovascular changes were observed at rest and 
during exercise in both males and females.  In the current study -30 mmHg LBNP may 
not have elicited a significant sympathetic response in our participants.  Considering the 
young age and health status of our participants, a greater magnitude of negative pressure 
may have been needed to observe peripheral responses.  Therefore it is inconclusive as to 
whether gender differences exist in sympathetic vasoconstriction and follow up 
investigations utilizing more control and modified methodologies (e.g. greater LBNP 
magnitudes) are warranted to further elucidate gender differences in response to 
sympathetic stimuli.   
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CHAPTER VI 
SUMMARY 
The present study proposed two very unique questions.  The first, does negative 
pressure simulation of the upper body elicit the same cardiovascular response as lower 
body negative pressure (LBNP)?  The second, is there a gender influence on 
cardiorespiratory responses to sympathetic stimulation, specifically peripheral 
vasoconstriction and function sympatholysis? 
There were minimal differences found between the cardiovascular responses to 
negative pressure stimulation of the WA, WL, and VML, suggesting that little differences 
exist in the physiological responses to upper and lower body negative pressure and that 
the cardiovascular response to hemorrhaging may not depend upon the location of the 
hemorrhage.  However, future investigations using improved methods such as utilizing 
higher negative pressures may help further elucidate this question as the cardiovascular 
responses during our protocol were minimal.  The results of this study suggest LBNP can 
be used as a reliable method of studying hemorrhage of both the upper and lower body. 
Regarding question two, there did not appear to be gender differences present in 
sympathetic vasoconstriction or functional sympatholysis.  However in the present study 
-30 mmHg LBNP may not have elicited a significant sympathetic response.  Although 
some central cardiovascular responses were observed, a greater magnitude of negative 
pressure may have been needed to elicit significant peripheral responses.  Therefore it 
remains unclear as to whether gender influences sympathetic vasoconstriction and follow 
up investigations utilizing more control and improved methodologies (e.g. greater LBNP 
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magnitudes) are warranted to further elucidate gender differences in response to 
sympathetic stimuli.   
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Figure 1 Part 1 Experimental Protocol   
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Figure 2 Acute HR responses 
Denotes WA significantly different from BASE  
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Figure 3 Chronic HR responses  
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Figure 4 Acute MAP responses 
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Figure 5 Relative MAP responses 
Denotes WL significantly different from BASE, Denotes VML significantly 
different from BASE 
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Figure 6 Acute SV responses 
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Figure 7 Chronic SV responses 
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Figure 9 Acute DIAM responses 
Denotes WA significantly different from BASE, Denotes WL significantly 
different from BASE, Denotes VML significantly different from BASE 
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Figure 10 Chronic DIAM responses 
Denotes WA significantly different from BASE, Denotes WL significantly 
different from BASE, Denotes VML significantly different from BASE 
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Figure 11 Acute BBF responses 
Denotes WA significantly different from BASE, Denotes WL significantly 
different from BASE, Denotes VML significantly different from BASE,                        
     Denotes ∆BASE is different between WA and VML 
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Figure 12 Chronic BBF responses 
Denotes WA significantly different from BASE, Denotes WL significantly 
different from BASE, Denotes VML significantly different from BASE 
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Figure 13 Acute O2Hb responses 
Denotes WA significantly different from BASE, Denotes VML significantly 
different from BASE 
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Figure 14 Chronic O2Hb responses 
Denotes WA significantly different from BASE, Denotes VML significantly 
different from BASE 
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Figure 15 Acute deO2Hb responses 
Denotes WA significantly different from BASE, Denotes VML significantly 
different from BASE 
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Figure 16 Chronic deO2Hb responses 
Denotes VML significantly different from BASE 
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Figure 17 Acute tHb responses 
Denotes WA significantly different from BASE, Denotes VML significantly 
different from BASE 
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Figure 18 Chronic tHb responses 
Denotes WA significantly different from BASE 
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Figure 19 Acute TSI responses 
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Figure 20 Chronic TSI responses 
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Figure 21 Part 2 Experimental Protocol 
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Figure 22 Heart rate responses at rest and during exercise with and without LBNP 
  Denotes males significantly less than males -30 mmHg 
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Figure 23 Stroke volume responses at rest and during exercise with and without LBNP  
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Figure 24 Mean arterial pressure responses at rest and during exercise with and without 
LBNP 
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Figure 25 Heart rate variability responses at rest and during -30 mmHg LBNP 
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Figure 26 Brachial artery diameter responses at rest and during exercise with and without 
LBNP 
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Figure 27 Brachial artery blood flow responses at rest and during exercise with and 
without LBNP 
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Figure 28 Oxygenated hemoglobin responses at rest and during exercise with and without 
LBNP 
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Figure 29 Deoxygenated hemoglobin responses at rest and during exercise with and 
without LBNP 
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Figure 30 Total hemoglobin responses at rest and during exercise with and without 
LBNP 
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Figure 31 Tissue saturation index responses at rest and during exercise with and without 
LBNP 
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Table 1 Central responses during acute and chronic negative pressure 
 
 
 
 
 
 
 
Acute  
BASE 15 30 45 60 75 90 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
H
R
 
WA 64.4 ± 2.9 64.3 ± 2.4 62.5 ± 2.9* 62.8 ± 2.9 63.5 ± 2.9 63.7 ± 3.0 64.1 ± 2.8 
WL 65.3 ± 2.8 66.5 ± 3.0 64.4 ± 2.9 64.4 ± 3.0 63.0 ± 2.7 63.8 ± 3.2 64.1 ± 3.2 
VML 64.0 ± 2.7 65.9 ± 2.6 63.8 ± 2.9 63.6 ± 2.7 63.1 ± 2.8 63.8 ± 2.7 64.6 ± 2.6 
M
A
P
 WA 93.5 ± 3.8 94.4 ± 3.7 95.5 ± 3.7 94.9 ± 3.7 95.3 ± 3.7 95.4 ± 3.4 95.4 ± 3.7 
WL 100.8 ± 3.6 99.7 ± 3.4 100.6 ± 3.8 101.0 ± 3.2 97.6 ± 2.9 98.6 ± 3.2 101.3 ± 3.2 
VML 95.7 ± 3.2 92.1 ± 4.4 93.2 ± 4.5 93.2 ± 4.7 93.6 ± 4.2 94.5 ± 4.1 94.3 ± 4.0 
S
V
 
WA 96.2 ± 2.9 96.2 ± 3.1 97.1 ± 3.2 96.0 ± 3.0 95.1 ± 3.0 96.7 ± 3.3 97.4 ± 3.5 
WL 96.1 ± 4.6 95.6 ± 4.4 95.4 ± 4.7 97.2 ± 4.4 98.1 ± 4.2 96.9 ± 4.5 93.7 ± 4.9 
VML 97.2 ± 4.0 94.3 ± 6.0 93.0 ± 5.2 92.0 ± 5.3 93.0 ± 4.9 91.5 ± 5.2 92.5 ± 4.7 
Chronic 
BASE 1 2 3 4 5 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
H
R
 
WA 64.4 ± 2.9 63.3 ± 2.8 63.8 ± 2.8 64.6 ± 2.8 64.4 ± 2.8 63.5 ± 2.6 
WL 65.3 ± 2.8 64.6 ± 2.8 64.0 ± 2.9 64.3± 2.7 65.4± 2.8 65.2± 2.9 
VML 64.0 ± 2.7 64.1 ± 2.7 64.8 ± 2.7 64.5 ± 2.6 64.5 ± 2.7 64.4 ± 2.6 
M
A
P
 WA 93.5 ± 3.8 95.0 ± 3.7 95.4 ± 3.5 95.4 ± 3.5 95.5 ± 3.4 95.4 ± 3.6 
WL 100.8 ± 3.6 99.7 ± 3.2 99.8 ± 3.2 99.8 ± 2.9 99.3 ± 3.1 100.6 ± 3.2 
VML 95.7 ± 3.2 93.0 ± 4.4 94.8 ± 4.3 95.5 ± 4.2 95.0 ± 4.4 95.2 ± 4.4 
S
V
 
WA 96.2 ± 2.9 96.1 ± 3.0 97.1 ± 3.4 97.1 ± 3.4 98.2 ± 3.9 97.9 ± 3.4 
WL 96.1 ± 4.6 96.6 ± 4.3 95.7 ± 4.5 95.1 ± 4.4 94.0 ± 4.9 94.3 ± 4.3 
VML 97.2 ± 4.0 93.0 ± 5.2 91.3 ± 4.8 93.0 ± 5.1 93.1 ± 4.4 93.0 ± 5.4 
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Table 2 Peripheral responses during acute and chronic negative pressure 
 
  
 
 
 
 
 
 
 
 
Acute  
BASE 15 30 45 60 75 90 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
B
B
F
 WA 45.0 ± 5.8 29.6 ± 3.8* 31.9 ± 3.6* 35.7 ± 4.1* 36.5 ± 3.9* 38.6 ± 4.9* 40.1 ± 5.8 
WL 34.4 ± 3.8 25.8 ± 2.7 28.3 ± 3.2 30.9 ± 3.2 28.5 ± 3.3* 28.3 ± 3.1* 29.3 ± 3.5* 
VML 36.5 ± 3.9 28.9 ± 3.0* 27.1 ± 2.6* 29.3 ± 3.4* 29.4 ± 2.9* 31.0 ± 3.4* 32.1 ± 3.3* 
D
IA
M
 WA 4.0 ± 0.16 3.96 ± 0.15* 3.94 ± 0.16* 3.91 ± 0.16* 3.93 ± 0.16* 3.91 ± 0.16 3.92 ± 0.15 
WL 3.92 ± 0.15 3.89 ± 0.15 3.88 ± 0.15 3.85 ± 0.15* 3.85 ± 0.15* 3.84 ± 0.15* 3.84 ± 0.15* 
VML 3.88 ± 0.15 3.87 ± 0.15 3.85 ± 0.15 3.84 ± 0.15* 3.84 ± 0.15* 3.83 ± 0.16* 3.83 ± 0.15* 
Chronic 
BASE 1 2 3 4 5 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
B
B
F
 WA 45.0 ± 5.8 33.4 ± 3.7* 39.7 ± 5.4 40.5 ± 5.3 36.6 ± 3.9* 38.6 ± 4.5* 
WL 34.4 ± 3.8 28.4 ± 2.9* 29.3 ± 3.2* 30.3 ± 3.3* 29.7 ± 3.2* 29.4 ± 3.1* 
VML 36.5 ± 3.9 28.7 ± 2.8* 32.3 ± 3.5* 33.8 ± 3.9 35.5 ± 5.0 32.7 ± 3.4 
D
IA
M
 WA 4.0 ± 0.16 3.94 ± 0.16* 3.91 ± 0.15* 3.9 ± 0.15* 3.91 ± 0.15* 3.91 ± 0.16* 
WL 3.92 ± 0.15 3.87 ± 0.15* 3.85 ± 0.15* 3.86 ± 0.15* 3.88 ± 0.15 3.88 ± 0.15* 
VML 3.88 ± 0.15 3.85 ± 0.15 3.83 ± 0.15* 3.85 ± 0.15 3.87 ± 0.15 3.86 ± 0.15 
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Table 3 Forearm muscle oxygenation during acute negative pressure 
 
 
 
 
 
 
 
 
 
 
 
Acute  
BASE 15 30 45 60 75 90 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
O
2
H
b
 (
A
U
) 
WA 2.0 ± 1.1 1.1 ± 1.1* 0.9 ± 1.1* 0.8 ± 1.1* 1.0 ± 1.1* 1.2 ± 1.1 1.3 ± 1.1 
WL 2.1 ± 1.1 1.8 ± 0.9 1.5 ± 1.0 1.6 ± 1.0 1.6 ± 1.1 1.6 ± 1.0 1.4 ± 1.0 
VML 3.3 ± 1.4 2.5 ± 1.4* 2.3 ± 1.5* 2.2 ± 1.5* 2.0 ± 1.5* 1.8 ± 1.5* 1.9 ± 1.5* 
d
e
O
2
H
b
 
(A
U
) 
WA 0.32 ± 0.69 -0.37 ± 0.74* -0.05 ± 0.76 0.27 ± 0.79 0.47 ± 0.75 0.48 ± 0.74 0.45 ± 0.70 
WL 0.27 ± 0.88 0.31 ± 0.90 0.35 ± 0.93 0.21 ± 0.94 0.10 ± 0.95 0.18 ± 0.92 0.33 ± 0.88 
VML 0.25 ± 1.10 0.17 ± 0.90 -0.04 ± 0.97 0.73 ± 1.17 1.09 ± 1.34 1.40 ± 1.36 1.53 ± 1.42* 
tH
b
 (
A
U
) WA 2.4 ± 1.5 0.7 ± 1.6* 0.9 ± 1.6* 1.1 ± 1.6 1.4 ± 1.6 1.7 ± 1.6 1.7 ± 1.6 
WL 2.4 ± 1.6 2.1 ± 1.5 1.8 ± 1.6 1.8 ± 1.7 1.7 ± 1.7 1.7 ± 1.7 1.8 ± 1.6 
VML 3.1 ± 2.3 2.5 ± 2.2* 2.3 ± 2.3* 2.3 ± 2.3 2.1 ± 2.3 2.3 ± 2.4 2.5 ± 2.4 
T
S
I 
(%
) WA 64.5 ± 3.7 65.3 ± 3.6 65.1 ± 3.6 65.0 ± 3.6 64.9 ± 3.7 64.9 ± 3.7 64.7 ± 3.6 
WL 64.8 ± 3.5 65.6 ± 2.9 65.4 ± 3.0 65.5 ± 3.0 65.6 ± 3.0 65.4 ± 3.1 65.4 ± 3.1 
VML 64.4 ± 3.8 65.0 ± 3.7 65.1 ± 3.7 65.0 ± 3.7 64.7 ± 3.7 64.4 ± 3.7 64.3 ± 3.7 
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Table 4 Forearm muscle oxygenation during chronic negative pressure 
 
 
 
 
Chronic 
BASE 1 2 3 4 5 
MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE MEAN ± SE 
O
2
H
b
 (
A
U
) 
WA 2.0 ± 1.1 0.9 ± 1.1* 1.3 ± 1.1 1.6 ± 1.14 1.7 ± 1.1 1.4 ± 1.2 
WL 2.1 ± 1.1 1.6 ± 1.0 1.5 ± 1.0 1.6 ± 1.1 1.6 ± 1.1 1.4 ± 1.1 
VML 3.3 ± 1.4 2.3 ± 1.5* 2.1 ± 1.6* 2.4 ± 1.6 2.3 ± 1.6 2.4 ± 1.6 
d
e
O
2
H
b
 
(A
U
) 
WA 0.32 ± 0.69 0.08 ± 0.76 0.51 ± 0.71 0.77 ± 0.67 0.61 ± 0.70 0.76 ± 0.76 
WL 0.27 ± 0.88 0.25 ± 0.92 0.34 ± 0.90 0.34 ± 0.96 0.31 ± 0.90 0.42 ± 0.93 
VML 0.25 ± 1.10 0.64 ± 1.09 1.37 ± 1.40 1.06 ± 1.32 1.11 ± 1.20* 0.50 ± 1.00 
tH
b
 (
A
U
) WA 2.4 ± 1.5 1.0 ± 1.6 1.8 ± 1.6 2.3 ± 1.6 2.3 ± 1.7 2.1 ± 1.8 
WL 2.4 ± 1.6 1.9 ± 1.6 1.8 ± 1.7 1.9 ± 1.7 1.9 ± 1.7 1.8 ± 1.7 
VML 3.1 ± 2.3 2.3 ± 2.3 2.5 ± 2.4 2.6 ± 2.4 2.7 ± 2.4 2.8 ± 2.4 
T
S
I 
(%
) WA 64.5 ± 3.7 65.1 ± 3.6 64.7 ± 3.6 64.4 ± 3.6 64.8 ± 3.6 64.2 ± 3.6 
WL 64.8 ± 3.5 65.5 ± 3.0 65.6 ± 3.1 65.7 ± 3.0 65.7 ± 3.1 65.8 ± 3.1 
VML 64.4 ± 3.8 65.1 ± 3.5 64.6 ± 3.5 64.9 ± 3.6 64.7 ± 3.6 64.6 ± 3.6 
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Appendix A 
 
Informed Consent Form 
Study Title: Cardiovascular responses to upper and lower body negative pressure 
during rest and exercise. 
 
Principal Investigator: John McDaniel, Brandon S. Pollock, and Keith J. Burns 
 
You are being invited to participate in a research study. This consent form will provide 
you with information on the research project, what you will need to do, and the associated 
risks and benefits of the research. Your participation is voluntary. Please read this form 
carefully. It is important that you ask questions and fully understand the research in order 
to make an informed decision. You will receive a copy of this document to take with you. 
 
Purpose: 
Lower body negative pressure boxes have been utilized to stimulate the receptors in our 
body that regulate blood pressure and blood distribution. This investigation is composed 
of a series of small studies that will allow us to compare the cardiovascular responses to 
lower body negative pressure (LBNP) and upper body negative pressure (UBNP) at rest 
and during exercise.  In addition to understanding the basic cardiovascular responses, a 
secondary purpose is to determine if these responses differ between genders. 
 
Procedures: 
This investigation is composed of three independent studies that can take place in one 3 
hour visit to the exercise physiology lab.  Alternatively, if you prefer, these studies can be 
divided between two separate visits.  Therefore you will be required to visit the Exercise 
Physiology Laboratory in a fasted state (8 hours fasting) on 1 or 2 occasions.  Initially 
you complete a health history questionnaire and then partake in the following three sub-
studies. 
 
Study 1: Is the sympathetic response different between UBNP and LBNP? 
 
Initially a volumetric edema gauge will be used to measure the volume of your arm.  
Basically you will stick your entire arm in a water filled container that has a spout for 
overfill.  The volume of water that spills out of the container as your arm enters is used to 
determine your limb 
volume.  You will then remove your arm and stick your lower leg in the container until 
and equal volume of water has been displaced.  A reference mark will be made on your 
leg for the next protocol. You will then be equipped with electrocardiography (ECG), 
near-infrared spectroscopy (NIRS) and skin laser Doppler electrodes on your left 
forearm. These devices will be used to measure brachial artery blood flow, forearm skin 
blood flow and forearm tissue oxygenation.
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 5 minutes 
baseline 
5 minute s 
-25 mmHg NP 
5 minute s 
-50 mmHg NP 
3 minute s 
-75 mmHg NP Right Arm     
Right Leg     
Volume matched right leg     
 
 5 minutes 
baseline 
3minute s 
Handgrip @ 
20% MVC  
3 minute s 
Handgrip @ 
40% MVC  
3 minute s 
Handgrip @ 
60% MVC  
No LBNP (0 mmHg)     
LBNP -75 mmHg     
 
First your entire right arm will be placed in the negative pressure box and a vacuum will 
be used to apply three different negative pressures (-25, -50 and -75 mmHg) for 5 
minutes each.   The negative pressure in the chamber will draw blood into your limb and 
stimulate a response from your cardiovascular system.  We will be measuring this 
response. There will be a 5 minute recovery period between each pressure.  We will then 
run the same protocol but with your entire right leg in the chamber.  Following 5 minute 
recovery we will slide the chamber away from you so that the volume of your right leg 
remaining in the chamber is equal to that of your arm and run the protocol again. 
 
Part 1 
 
 
Study 2: Does sympathetic vasoconstriction during LBNP reduce blood flow in the 
arm during handgrip to a lesser extent in females compared to males? 
 
Subjects will be lying supine with their lower legs in the LBNP chamber.  Subjects will 
complete an incremental handgrip exercise protocol in which they squeeze the hand 
dynamometer once per second across three 3 minutes stages of increasing intensity (20%, 
40% and 60% of their maximal voluntary contraction).  Following 10 minutes of rest the 
incremental test will be repeated while the lower legs are subject to -75 mmHg LBNP. 
During both protocols HR, brachial blood flow and tissue forearm muscle oxygenation 
will be measured. 
 
Part 2 
 
 
Study 3. Does UBNP increase brachial blood flow during handgrip exercise? 
 
At the beginning of this protocol NIRS electrodes will be placed on your right forearm 
and ECG leads will be placed on your chest.  You will be asked to hold a handgrip 
dynamometer in your right hand. You will then complete an incremental handgrip 
exercise protocol which will require you to squeeze the hand dynamometer once per 
second for two 3 minute stages of increasing intensity (25% and 50% of your maximum 
voluntary contraction). One minute rest period will be provided between each stage.  
Following the completion of the second stage a 10 minute recovery period will be 
provided before your place your arm in the upper body negative chamber box.  Once 
positioned, you will complete the same incremental handgrip exercise as described above 
but with the negative pressure chamber turned on to -25mmHg.  You will also repeat the 
handgrip protocol for pressures of -50 and -75 mmHg.  During all protocols Doppler 
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 5 minutes 
baseline 
3 minute s 
Handgrip @ 25% MVC  
3 minute s 
Handgrip @ 50% MVC  No LBNP (0 mmHg)    
LBNP -25 mmHg    
LBNP -50 mmHg    
LBNP -75 mmHg    
 
ultrasound and NIRS will be used to measure right arm brachial artery blood flow and 
skeletal muscle oxygenation at rest and during the various stages of handgrip exercise. 
 
Part 3 
 
 
 
 
In addition to all the physiological variables we will be recording, we will also present to 
you a discomfort scale throughout the protocols. This scale simply gives us an indication 
of your discomfort level. 
 
Benefits: 
The data collected during these investigations may provide evidence that you have 
orthostatic hypotension, especially for females who have a reduced sympathetic response 
compared to males.  If so we would refer you to a physician for further evaluation.  All 
variables will be displayed on a screen in your view thus throughout this investigation 
you will learn how the cardiovascular system responds to stress.  Furthermore, your 
participation in this study will help us to better understand blood flow regulation.  
Specifically, understanding these cardiovascular responses during LBNP could lead to 
advances in overcoming symptoms of orthostatic intolerance in a variety of populations 
including those with dysautonomia, Parkinson’s disease, females and elderly. 
 
Risks and Discomforts: 
There are minimal risks associated with LBNP and UBNP as they are noninvasive, easily 
reversible procedures. However there may be some lightheadedness and there is a small 
risk of syncope (fainting) and blood clots associated with LBNP.  To minimize these 
risks heart rate, blood pressure, ECG, blood flow will be monitored continuously 
throughout all phases of the protocol.  In addition, you will be presented with discomfort 
scale throughout the protocols.  If your discomfort becomes level 4 or greater, based on 
this scale, the test will be terminated. If you do feel extremely lightheaded please inform 
the investigators so they can turn off the vacuum. Once the vacuum is turned off these 
symptoms will resolve within 5-10 seconds.  Following the end of data collection we will 
again ask how you feel and will take a final blood pressure at heart rate to ensure they are 
within normal range and similar to your pre-study values.  If you are feeling lightheaded 
or dizzy or you heart rate and blood pressure have not returned to normal, you will not be 
allowed to leave the laboratory until these symptoms have resolved.  If they do not 
resolve we will consider seeking medical advice.  Additionally, after you leave the 
laboratory if you become lightheaded or have pain in the legs or arm that may be related 
to this study please call Dr. McDaniel to discuss additional medical consultation or speak 
with your primary physician. Factors that may increase these risks are any symptoms 
related to orthostatic intolerance (i.e., vasovagal syncope, POTS-postural orthostatic 
tachycardia syndrome), autonomic disorders, or cardiovascular disease or diseases that 
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influence blood cells and clot formation within your body. Also, medications affecting 
blood pressure regulation could increase or decrease the likeliness of developing these 
risks.  The health history questionnaire will allow us to determine if you are currently 
taking any of these medications or experiencing symptoms suggesting you may be at 
greater risk for experiencing syncope.  If you are deemed to be at greater risk you will be 
excluded from this investigation. 
Privacy and Confidentiality: 
All hard copy data will be stored in a filing cabinet in Dr. McDaniel’s locked office. All 
electronic data will be stored on his computer which will be password protected and only 
accessible by study investigators. All data will be stored anonymously. Your study 
related information will be kept confidential within the limits of the law. Any identifying 
information will be kept in a secure location and only the researchers will have access to 
the data. Research participants will not be identified in any publication or presentation of 
research results; only aggregate data will be used. 
 
Compensation: 
You will be provided a $25 gift card for your participation in this study. 
 
Voluntary Participation: 
Taking part in this research study is entirely up to you. You may choose not to participate 
or you may discontinue your participation at any time without penalty or loss of benefits 
to which you are otherwise entitled.  You will be informed of any new, relevant 
information that may affect your health, welfare, or willingness to continue your study 
participation. 
 
Contact Information 
If you have any questions or concerns about this research, you may contact Dr. McDaniel 
at 330-672-0802.  This project has been approved by the Kent State University 
Institutional Review Board. If you have any questions about your rights as a research 
participant or complaints about the research, you may call the IRB at 330.672.2704. 
 
Consent Statement and Signature: 
I have read this consent form and have had the opportunity to have my questions 
answered to my satisfaction. I voluntarily agree to participate in this study. I understand 
that a copy of this consent will be provided to me for future reference.  
Participant Signature ____________________________    Date ____________ 
 
March 5, 2014 To March 4, 2015  
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Appendix B 
Medical History Questionnaire
Medical History Questionnaire 
Participant ID# __________ 
Date __________ 
Please answer the following questions, indicating the month and year of the event or diagnosis 
where appropriate.  
                         Yes      No   Month/Year 
 
1. Has a doctor ever told you that you have 
heart disease? ___ ___ ____/____ 
 
2. Have you ever had chest pain? ___ ___ ____/____ 
 
3. Has your doctor ever told you that you   
a. have a heart valve problem? ___ ___ ____/____ 
 
4. Have you had cardiomyopathy? ___ ___ ____/____ 
 
5. Have you ever had a stroke? ___ ___ ____/____ 
 
6. Do you have hypertension (high blood pressure)? ___ ___ ____/____ 
 
a. If yes, how long have you had hypertension? 
 
7. Do you have diabetes mellitus? ___ ___  
a. Do you take insulin for diabetes? ___ ___  
b. Do you take oral hypoglycemics for  
c. diabetes? ___ ___  
 
8. Do you still have your menstrual cycle? ___ ___ 
a. Does it occur on a regular basis? ___ ___ 
b. When was your last cycle?     ____/____ 
 
 
9. OTHER MEDICAL PROBLEMS: Indicate if you have had any of the following medical 
problems: 
 Past    Now 
 ____  ____  Alcoholism 
 ____  ____ Anemia 
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 ____  ____ Asthma 
 ____  ____ Autonomic disorders (i.e., dysautonomia) 
 ____  ____ Back injury or problem 
 ____  ____ Blood clots 
 ____  ____ Claudication 
 ____  ____ Cold Extremities 
 ____  ____ Elbow or shoulder problems 
 ____  ____ Fibromyalgia  
 ____  ____ Headaches 
 ____  ____ Hernia 
 ____  ____ Hip, knee, or ankle problems 
 ____  ____ Lyme’s disease 
 ____  ____ Neck injury or problem 
 ____  ____ Neuralgic disorder 
 ____  ____ OB/GYN problems 
 ____  ____ Obesity/overweight 
 ____  ____ Osteoporosis 
 ____  ____ Parkinson's disease 
 ____  ____ Phlebitis 
 ____  ____ Prostate trouble 
 ____  ____ POTS (Postural orthostatic tachycardia syndrome) 
 ____  ____ Raynaud’s disease 
 ____  ____ Seizure disorder 
 ____  ____ Tetanus 
 ____  ____ Thyroid disease 
 ____  ____ Tumors or cancer - List type: _______________ 
 ____  ____ Ulcers 
 ____  ____ Vasovagal Syncope 
 ____  ____ Vertigo 
 ____  ____ Other - specify: ________________ 
 
Please describe any conditions you listed above 
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________ 
 
List medications you are taking below including birth control and hormone replacement 
therapy: 
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Name of Drug Dosage Times/day Duration of drug use 
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Appendix C 
Discomfort Rating Scale 
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